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Abstract 
The Fourier-transform microwave (FTMW) spectra of 1 ,2-dichloroethane ( 1 2DCE), 
1 --chloro-2-fluoroethane (1 C2FE) and 2,3-dichloropropene (23DCP) have been studied in the 
6 to 1 8  GHz range to determine experimental rotational constants, nuclear quadrupole coupling 
constants (NQCC) and quartic centrifugal distortions constants. These three molecules have 
different spatial arrangements (anti and gauche) resulting from different relative orientations of 
chlorine and/or fluorine atoms about the C-C single bond. The lowest energy anti conformer of 
1 2DCE is non-polar and it is not detectable by microwave spectroscopy, but rotational spectra of 
gauche-l 2DCE with three isotopologues, gauche-I C2FE with three isotopologues, and both 
anti- and gauche-23DCP, each with two isotopologues, have been measured. 23DCP has been 
studied for the first time by FTMW spectroscopy, and some of the NQCC of all three molecules 
were also determined for the first time. Kraitchman' s  equations were used to determine the rs 
coordinates of isotopically substituted atoms of 1 2DCE, 1 C2FE and 23DCP, and the r0 structures 
were also deduced for 1 2DCE and 1 C2FE from experimental rotational constants, and these 
structural parameters were compared with ab initio values (re) and previous results.  The 
differences of structural parameters that were observed are small, but they are significant, and 
most differences can be explained by steric effects. The percent ionic character of the C-Cl 
bonds was calculated according to Townes-Dailey analysis and using Cl hyperfine coupling 
constants that were not available from previous studies and was found to be �30% for all species 
studied. The experimental results have also proved that the level of ab initio calculations that was 
used has done good predictions of structures and microwave spectra, particularly for related 
species containing chlorine. 
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1.1 Halohydrocarbons and their importance 
Halohydrocarbons are derivatives of hydrocarbons where hydrogen atoms are 
replaced with halogens like fluorine and chlorine. Halohydrocarbons are also known as 
halogenated hydrocarbons. These organic substances are commercially important because 
they are used as flame retardants, fire extinguishers, propellants, refrigerants, solvents 
and pharmaceutical compounds.  After use these chemicals are often discharged to the 
environment and because of their high volatility they easily accumulate in the 
atmosphere. The life time ofhalohydrocarbons is high in the atmosphere. For instance the 
atmospheric life time of CFC-1 1 3  (CChF-CClF2) is 85  years. 1 
Halohydrocarbons are largely responsible for global warmmg smce they are 
greenhouse gases. Among these species chlorinated hydrocarbons are most significant, 
since they have been implicated as senous atmospheric pollutants involved in 
ozone-destroying reactions occumng in the stratosphere. This is an important 
environmental problem, because ozone is critical in screening life on Earth's surface from 
the deleterious effects of exposure to solar ultraviolet radiation, which can cause skin 
cancers, cataracts, and other problems.2 The Montreal Protocol on Substances that 
Deplete the Ozone Layer mentions the importance of protecting the ozone layer and 
recognizes that world-wide emissions of certain substances can significantly deplete the 
ozone layer in a manner resulting in adverse effects on human health and the 
environment.3 Figure 1.14 depicts a possible stratospheric reaction pathway that destroys 
ozone by trichlorofluoromethane ( CFC-1 1 )  in the presence of ultraviolet radiation. 
10 
•+ 
Cl atom 03 
UV 
CFCl3 --t Cl + CFCl2 
Cl + 03 --t 02 + CIO --t Chain reactions 
Figure 1 . 1 : Destruction mechanism of 03 by CFC-1 14 
Since halohydrocarbons are serious environmental pollutants, it is very important 
to figure out the gas phase structure of these molecules in order to help understand their 
stability in the atmosphere. 1 ,2-Dichloroethane ( 1 2DCE), 1 -chloro-2-fluoroethane 
( 1 C2FE) and 2,3-dichloro-1-propene (23 DCP) are the three chlorinated hydrocarbons 
used in this study. 
1 .2 Theory of microwave spectroscopy 
Microwave spectroscopy is used to obtain information on rotational transitions of 
gaseous polar molecules. The molecule of interest must have a permanent dipole moment 
for rotational transitions to occur, so nonpolar molecules cannot be detected by 
microwave spectroscopy. This is one of the selection rules in microwave rotational 
spectroscopy. The oscillating electric field of microwave radiation interacts with the 
electric dipole moment of the molecule and exerts a torque on the molecule. This torque 
causes the molecule to rotate faster. This process is called a rotational excitation of the 
molecule and finally it shows a rotational transition. 
11  
This spectroscopic technique is used to determine the structures of molecules, 
weakly bound complexes, unstable radicals and ions. One recent review paper highlights 
microwave spectroscopy as a powerful tool for spectroscopy in the 2 1st century and 
discusses some recent applications of Fourier-transform microwave spectroscopy to 
study various molecular systems: weakly bound complexes and carbon chains of 
biological interest in the interstellar medium. 5 One common application in astrophysics 
and astrochemistry is to use microwave spectroscopy to analyze the chemical 
composition of molecular clouds in the interstellar medium. 
The typical microwave region of the electromagnetic spectrum 1s 
3 x 109 - 3 x 10 12 Hz, but it is more convenient to use MHz units for the frequency. The 
rotational spectra that were analyzed in this project had the frequency region from about 
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Frequency I MHz 
Figure 1 .2 :  Microwave spectrum of 1 ,2--dichloroethane 
A diatomic molecule is the simplest system which can be used to understand the 
theory behind rotational spectroscopy. The rigid rotor approximation is used to obtain the 
12 
rotational energy of the molecule. 6 In this model the chemical bond between two atoms is 
a weightless rod. Consider a rigid rotor of length l depicted in Figure 1.3 with masses m1 
and m2 at fixed distances /1 and 12, respectively, from their centre of mass and rotating at 




Centre of mass 
Figure 1.3: (a) A diatomic molecule with masses m1 and m2 (a rigid rotor) rotating 
about their center of mass and (b) an equivalent picture showing the reduced mass (µ) 
We can use the concept of reduced mass (µ) to picture the rigid rotator in Figure 
1.3, as a body of reduced mass rotating about a fixed centre. Equation 1.1 defines the 
reduced mass, 
Equation 1. 1 
where m1 and m2 are the masses of two atoms of the diatomic molecule. If the molecule 
rotates Vrat cycles per second, the velocities v1 and v2 of two atoms are v1 = 2rrl1 Vrot 
and v2 = 2rrl2 Vr0t, respectively. 
13 
Equation 1.2 defines the angular velocity w and therefore v1 and v2 can be 
written as v1 = 11 w and v2 = l2w. 
W = 21l'Vrot Equation 1. 2 
Equation 1.3 defines the moment of inertia (I) of this system and the final version 
of this equation includes the concept of reduced mass (µ) and bond length ( l) of the 
diatomic molecule. Moment of inertia is a key parameter in rotational spectroscopy. 8 
n 
I = L mirr = m1li + m2Li = µl2 Equation 1. 3 
i=l 
The angular momentum (L) is a very important concept in rotational spectroscopy 
and it is defined by Equation 1.4. 
L = lw Equation 1. 4 
The kinetic energy (1) of the rigid rotor is defined by Equation 1.5. The final 
equation ( L 
2 
/ 21) is obtained by using the equations described above. 
Equation 1.5 
The classical mechanical approach of a rigid rotator described above is very 
important to understand the quantum mechanical calculations of a diatomic molecule. 9 
The rotational energy of a diatomic molecule is obtained by solving the Schrodinger 
14 
equation of a rigid rotor and the rotational transitions in the microwave spectrum depicted 
in Figure 1.2 cannot be explained without a quantized energy equation for the rigid rotor. 
The Hamiltonian operator of a rigid rotor does not contain a potential energy term 
(V) because the energy of rigid rotor does not depend on its orientation in space when it 
rotates about the center of mass. Therefore V = 0 and the Hamiltonian operator is same 
as the kinetic energy operator (T) of the diatomic molecule and is defined by Equation 1.6. 
� � h2 2 H = T = --V 
2µ 
Equation 1. 6 
where '\12 is the Laplacian operator. The wave functions of a rigid rotor are usually called 
spherical harmonics and customarily denoted by Y(B, </>). Therefore the Schrodinger 
equation for a rigid rotor can be written as given in Equation 1.7. 
HY(O, </J) = EY(O, </J) Equation 1. 7 
Solving the Schrodinger equation for a rigid rotor results in the rotational energy 
of a diatomic molecule in Joules and it is given by Equation 1.8. This equation can be 
used to find the rotational energy of any linear molecule. 
Equation 1. 8 
B = h2 /2/ and is called the rotational constant and J is called the rotational 
angular momentum quantum number of the diatomic molecule. The quantum number J 
takes the integer values including zero i .e J = 0, 1 ,  2, 3 ,  ........ , oo. Since h2 = h2/4rr2, 
the rotational constant B in Joules can be written as given in Equation 1.9. The rotational 
15 





Equation 1. 9 
However for convemence we express the rotational constant in Hertz m 
microwave spectroscopy. Equation 1.10 gives the rotational constant B/ in Hertz. 
Equation 1. 10 
A linear or diatomic molecule must have !::.J = ± 1 to produce a pure microwave 
rotational spectrum. The frequency corresponding to a rotational transition of a linear or 
diatomic molecule can be obtained from the energy separation between two adjacent 
energy levels, as depicted in Figure 1.4, by using Equation 1.8. 
J+1 ---- E1+1=BU+1)U + 2) l �E !iE = E1+1 - E1 = 2BU + 1) 
J ---- E1=BJU+1) 
Figure 1.4: The energy separation between two adjacent rotational energy levels 
According to Planck's equation, M = hv; therefore, the microwave frequency of 
the rotational transition given in Figure 1.4 can be written as expressed in Equation 1.11. 
ll.E 2B 




Figure 1 .5 shows the first five energy levels and corresponding microwave 
transitions of a linear molecule obtained usmg the rigid rotor model .  Here the line 
spacing between any two adjacent rotational transitions is equal to 28/. Therefore we can 
use the frequency difference (�v) between two adjacent peaks in the experimental 
microwave spectrum to calculate the rotational constant. We can use Equation 1 . 10  to 
calculate the moment of inertia (/) and Equation 1 .3 can be used to find the actual bond 
length of the diatomic molecule. Therefore microwave spectroscopy is a useful tool to 







Vt= 28' Vz = 48' V3 = 68' V4 = 88' 
Frequency I Hz 
Figure 1 .5 :  The first four pure rotational transitions and the microwave 
spectrum of a linear rigid rotor 
In rotational spectroscopy three principal axes, a, b and c, are defined, which 
originate from the centre of mass of the molecule, and the rotation of a molecule only 
about the three principal axes is considered. By convention, the axis which has the 
17 
highest moment of inertia is the c axis while the axis with the lowest moment of inertia is 
the a axis .  The b axis is perpendicular to both a and c axes. 10 Most of the time the a axis 
is the symmetry axis  of the molecule. The mass distribution of the molecule is defined 
about the principal axes, a, b and c, using three moment of inertia values, Ia, lb and le 
respectively. 
According to the concept of a rigid rotor discussed above, one moment of inertia 
(I) value is involved in the energy expression (Equation 1 .8) and rotational constant 
expressions (Equation 1.9 and Equation 1 . 10) .  Therefore one quantum number (J) is  
enough to explain the entire microwave spectrum of a diatomic molecule .  The moment of 
inertia is directly related to the mass distribution of the molecule according to Equation 
1 .3 .  Consider the HCl molecule depicted in Figure 1 .6 .  This molecule is a good example 
to apply the rigid rotor approximation method. 
Centre of mass 
Figure 1 .6 :  Rotation of HCl molecule about the principal axis system 
In the HCl molecule, the centre of mass is located near the Cl atom and the 
moment of inertia value about the a axis (Ia) is  zero and both the moment of inertia 
values about the b and c axes (h and le) are equal . Thus for linear molecules 
18 
Ia = 0 and h = le. Because of this reason only one moment of inertia value (/) is needed 
and therefore only one quantum number (J) is used to unambiguously describe the 
rotational energy levels of a diatomic or linear molecule. 1 1  
In an actual pure rotational spectrum of a diatomic molecule the transitions are 
not equally spaced as predicted by the rigid rotor approximation. This happens because 
the chemical bond of the molecule is not truly rigid. When the molecule rotates faster and 
faster with increasing J values, the centrifugal force pulls the two atoms farther and 
farther apart. 12  As a result of this, the bond length (!) goes up and therefore the moment 
of inertia (/) increases when the molecule rotates more energetically, according to 
Equation 1.3. This slight stretching of the bond causes the rotational constant to decrease 
according to Equation 1.9 and finally changes the rotational energy levels of the 
molecule according to Equation 1.8. To account for this, a centrifugal distortion 
correction term (D) is added to the rotational energy levels of the molecule as described 
in Equation 1.12 . 1 3  This equation explains the nonrigid rotator model of a linear or 
diatomic molecule. 
E1=BJ(] + 1) - D/2(] + 1)2 Equation 1. 12 
Although the concepts are simple for linear systems as described above, the 
theory behind nonlinear molecular systems is quite complicated. We need three moment 
of inertia values (Ia, lb and le) to explain the mass distribution of nonlinear molecules. 
Therefore two additional quantum numbers (Ka and Kc) other than J are required to 
unambiguously describe the rotational energy levels. According to quantum mechanics 
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the Ka and Kc quantum numbers originate from the projection of the total angular 
momentum on the a or c axes respectively. 
As an example, CH3Cl is classified as a prolate symmetric top molecule based on 
its moment of inertia values. For this molecule the moments of inertia about the b and c 
axes are the same (lb = le )  and the moment of inertia about the a axis (la) is less than lb or 
le. We use the J quantum number to represent the total angular momentum of the CH3Cl 
molecule and the Ka quantum number to represent the projection of total angular 
momentum on the a axis (along the C-Cl bond) . We can use the rigid symmetric top 
rotator model to describe the rotations of this molecule and according to quantum 
mechanics, solving the Schrodinger equation results in the prolate symmetric top 
rotational energy limit of a molecule as shown by Equation 1.13. 14 
E1,K = BJO + 1) + (A - B)K! Equation 1. 13 
A and B are rotational constants in Joules and J = 0, 1 ,  2, 3 ,  . . . . . . . .  , oo and Ka = 0, 
± 1 ,  ±2, ±3 , . . . . . . , ±J. Thus all Ka levels except those for Ka = 0 are doubly degenerate. 
Equation 1.14 gives the rotational constants A,. and B,. in Hertz. 
Equation 1. 14 
Like when a linear molecule rotates, the centrifugal force pulls the atoms apart 
when a symmetric top molecule rotates, as well . To account for this, several centrifugal 
distortion correction terms are added to the original prolate symmetric top rotational 
energy levels of the molecule as given in Equation 1.15. 14 
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Equation 1.15 
where DJ, DJK and DK are the first order centrifugal distortion constants of the symmetric 
top molecule expressed in Joules. The specific selection rules for the prolate symmetric 
top rotator microwave transitions are M = ±1  and Ma =  0.  
Most molecules, including the three molecules studied under this project ( 1 2DCE, 
1 C2FE and 23DCP) are asymmetric top molecules. The asymmetric top molecules have 
three different moments of inertia and therefore three quantum numbers are required to 
explain rotational energy levels and microwave spectra. We use J quantum number to 
represent the total angular momentum of an asymmetric top molecule .  By convention, Ka 
quantum number is used to represent the projection of total angular momentum on the a 
axis and Kc quantum number is used to represent the projection of total angular 
momentum on the c axis. The J quantum number has the values J = 0, 1 ,  2, 3 ,  . . . . . . . . , oo 
and both Ka and Kc quantum numbers show values Ka or 
Kc = 0, ± 1 ,  ±2, ±3 , . . . . . .  , ±J. There is no simple general analytical form to describe the 
rotational energy levels of asymmetric top molecules and these molecular systems are 
complicated when compared with symmetric top molecules . Approximation methods are 
used in quantum 1Ilechanics (i .e variational principle, perturbation theorem and 
computational chemistry calculations) to find the energy expressions for asymmetric top 
molecules. The energy expressions are similar to a prolate symmetric top molecule as 
given in Equation 1.15 
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Figure 1 .  7 shows a representation (not to scale) of energy levels of an asymmetric 
top molecule which corresponds to the J = 3 level .  The two margins of this energy level 
diagram correspond to prolate symmetric top (la < h = le) and oblate symmetric top 
(la = h < le)· The actual position of energy levels  of an asymmetric top molecule is in 




Prolate symmetric top Oblate symmetric top 
Figure 1 .  7 :  Correlation diagram for J = 3 rotational energy state 
There are seven energy levels which corresponds to the J = 3 rotational energy 
state for an asymmetric top molecule as shown in Figure 1 .7. The general notation of 
representing an asymmetric top energy level is J KaKc' where Ka represents the prolate 
behavior (from a axis) and Kc represents the oblate nature (from c axis) of the asymmetric 
top molecule. Therefore the energy levels in Figure 1 .  7 can be named as 3o3, 3 1 3, 3 1 2 , 322, 
32 1 , 33 1 and 330 . 
For an asymmetric top molecule, a third rotational constant, C or (C) is needed to 
describe the microwave energy levels and is defined as in Equation 1 . 14 .  Therefore the 
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energy of rotational levels of an asymmetric top molecule can be represented in terms of 
rotational constants A, B and C.15 
The explicit total rotational energy expressions for four example energy levels in 
terms of rotational constants are given in Table 1.1.15 The transition frequencies would 
be the differences between these expressions. For example 212 f- lo1 would be 
A + B + 4C - (B + C) = A + 3 C. Once several transition frequencies are measured, it is 
then straightforward to solve for the rotational constants, A, B and C. The energy 
expressions discussed so far are the energies of a rigid asymmetric rotor. However 
molecules are not truly rigid rotors and there are some contributions from centrifugal 
distortion constants when it rotates faster, so the energy expressions get much more 
complicated for higher J values. Thus computer programs are usually used to solve these 
simultaneous equations and obtain spectroscopic parameters such as rotational constants. 
Table 1 . 1 :  Explicit expressions for the total rotational energy in terms of rotational 
constants 
Asymmetric rotational energy level Energy expression 
Ooo 0 
101 B + C  
111  A + C  
212 A + B + 4C 
The total dipole moment of a molecule can be resolved into three components 
µa, µb and µc along the principal axes a, b and c respectively. According to these three 
dipole moment components, the rotational transitions are categorized into 
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a-types, b--types and c-types . The selection rules for these different types of transitions 
are given in Table 1 .2 and the arrows on Figure 1 .  7 show example transitions. 
Table 1 .2 :  The specific selection rules for different rotational transitions 
Type of transition Dipole moment component M Ma Mc 
a-type µa=f:. 0 0 or ± l  0 ± 1  
b--type µb * 0 0 or ± l  ± 1  ± 1  
c-type µc =f:. 0 0 or ± l  ± 1  0 
According to Table 1 .2,  the rotational angular momentum quantum number 
difference (Al) for these transitions is either 0 or ±1 . Pure rotational transitions can be 
characterized into P, Q and R branches according to corresponding change of J quantum 
number where the microwave transition takes place. P-branches arise when M = -1 and 
R-branches occur when M = + 1 .  The Q-branch is when M = 0 .  
The majority of asymmetric top molecules are described as  "near prolate" or 
"near oblate" tops. Ray's asymmetry parameter ( K) provides a quantitative measurement 
of how far a molecule is from the prolate and oblate symmetric top limits. 1 6'1 7  
Equation 1 . 16  shows how to calculate Ray's asymmetry parameter using the rotational 




Equation 1. 16 
A molecule is a prolate top molecule if the value of K is  -1,  and if K = +I i t  is an 
oblate top. If K ::::! -1 , then the molecule is a near prolate top and vice versa for an oblate 
top. 11 
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1 .3 Nuclear quadrupole coupling 
When protons are uniformly distributed in a nucleus it will have a spherical 
charge distribution as depicted in Figure 1.8 (a) , but some nuclei possess an asymmetric 
proton distribution as shown in Figures 1.8 (b) and 1 .8 (c) . 1 8 Nuclei which have an 
asymmetric charge distribution are called quadrupolar nuclei . 
z 
Q=O 
{a} - Spherical 
z 
Q>O 




Figure 1 .8 :  Charge distribution in non-quadrupolar and quadrupolar nuclei 
Nuclei have spin angular momentum and it can be represented using the spin 
angular momentum quantum number (I) . This I value is dependent on the composition 
and structure of the nucleus. 1 9 The nuclear spin angular momentum quantum number is 
either 0 or Yi (I = 0, Yi) for symmetric nuclei which have no spin angular momentum, and 
I ::::: 1 for quadrupolar nuclei . The nuclear spin angular momentum can interact with the 
rotational angular momentum of the molecule. This process affects the rotational energy 
levels of the molecule by further splitting the energy levels (nuclear quadrupole hyperfine 
splitting) . Therefore the molecule will have more rotational transitions. Both prolate and 
oblate nuclei are quadrupolar and have I::::: 1 .  Deuterium (2H, I =  1 )  and 35Cl/37 Cl (/ = 3/2) 
nuclei are examples of quadrupolar nuclei . 
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The most important parameter which can be obtained from nuclear quadrupole 
hyperfine structure is the electric field gradient (q) . It provides valuable information 
concerning the electronic environment of the quadrupolar nucleus.20 In a nuclear 
quadrupole analysis, the nuclear spin angular momentum couples with the rotational 
angular momentum to produce a resultant total angular momentum. This quadrupole 
coupling is described using the nuclear spin angular momentum quantum number (I) and 
the rotational angular momentum quantum number (J) . Equation 1 . 17  shows the new 
total angular momentum quantum number F. 
F=l + J Equation 1. 17 
where F = J +I, J +I - 1 ,  J +I - 2, . . . . . . .  , I J - I I. The selection rules governing 
transitions between these energy levels are Al= 0, ± 1 ,  M= 0, ± 1 . 1 9 
For instance, consider a microwave transition from the 1 0 1 energy level to the 202 
level as depicted in Figure 1 .9 for the 1-chloro-2-fluoroethane ( 1  C2FE) molecule. This 
is one of the molecules studied in this research work. The spin angular momentum 
quantum number for Cl is I=�· The angular momentum quantum numbers for 202 � 1 0 1 
transition are J = 1 and J = 2 .  Therefore I and J can be coupled as follows to find the total 
angular momentum quantum number F. 
3 When J = l  and I=-: 2 
3 5 3 1 
F = (] + I) = 1 + -= - and I J - I I = 11 - - I = -2 2 2 2 
Example 1 . 1  
2 6  
Therefore possible F values are F = �, � and �. Thus 1 0 1 energy level will be further 2 2 2 
split into three sublevels as shown in Figure 1 .9 .  
3 
When J =2 and I=-: 2 
3 7 3 1 
F = U + I) = 2 + -= - and If - I I = 1 2 - - I= -2 2 2 2 
Example 1 .2 
Therefore possible F values are F = Z., �, � and �. Thus the 202 level will be further 2 2 2 2 
split into another four sub levels as shown in Figure 1 .9 .  
In the absence of nuclear quadrupole coupling, there would be only one transition, 
but with quadrupole coupling there are several possible transitions according to selection 
rules. The transitions for Af' = 0, ±1  which may occur when nuclear quadrupole coupling 
is considered are shown in Figure 1.9 and the spectrum shows the nuclear quadrupole 
splitting pattern of 1 C2FE in the 1 23 1 1-1 233 1 MHz region. 
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Figure 1 .9 :  Energy level diagram and calculated microwave spectrum displaying nuclear 
quadrupole hyperfine splitting for 202 +- 101 transition of 1 C2FE in the 1 23 1 1-1233 1 MHz region 
(Numbers written on the spectrum correspond to F quantum numbers) 
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The magnitude of the splitting pattern in the microwave spectrum given in Figure 
1.9 is determined by the nuclear quadrupole coupling constants of the Cl atom. This is 
unique to each different molecule. We can determine the actual nuclear quadrupole 
coupling constants by analyzing an experimental rotational spectrum. The expression for 
the nuclear quadrupole coupling constant, Xij • is given in Equation 1 .18 .  
Equation 1.  18 
where e is the electronic charge, qij is the electric field gradient at the quadrupolar 
nucleus and Q is the nuclear electric quadrupole moment. Once Q is known for a 
particular nucleus, Xij offers a direct measure of the electric field gradient. 1 9 
1 ,2-Dichloroethane and 2,3--dichloro-1-propene are the other chlorinated 
hydrocarbons used in this study. Since there are two Cl atoms in both compounds, two F 
quantum numbers (F1 and F2) are required to describe the microwave spectra of the 
molecules. The coupling of F1 and F2 quantum numbers with J is shown in Equation 1.19. 
Equation 1. 19 
where 11 and 12 are spin quantum number of 1 st and 2nd chlorine atoms respectively 
3 
U1 = I2 = -) .  2 
1 .4 Theoretical calculations and fitting rotational spectra 
1 ,2-Dichloroethane, 1-chloro-2-fluoroethane and 2,3--dichloro-1-propene are 
asymmetric top molecules since they possess three different moments of inertia about the 
principal axis system. According to theory discussed so far we need the rotational energy 
expression of the molecule to predict the rotational spectrum. We use approximation 
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methods (viz. variational principle or perturbation theorem in quantum chemistry) to find 
the rotational energy of the molecule since we cannot exactly solve the Schrodinger 
equation. 
The rotational energy for a molecule consists of three parts as discussed in the 
previous section. There is a contribution from each of the three rotational constants 
(A, B and C) according to the rigid rotor approximation. There is also a contribution from 
the distortion constants (Ii .r Ii JK' Ii K' o J and o K) to account for centrifugal distortion, and 
the rotational levels will further be affected when a quadrupolar nucleus is present, 
according to Section 1 .3 .  Thus a contribution from the nuclear quadrupole coupling 
constants r v , xbb' x , x b' x and xb ) will also make very precise adjustments to the Vt aa cc a ac c 
exact rotational energy expression. Therefore the total Hamiltonian operator can be 
described according to Equation 1 .20. 1 8  
ii Total = ii Rigid rotor + ii Centrifugal distrortion + ii Quadrupole coupling 
Equation 1 .20 
Computational chemistry helps solve this problem and therefore we use 
. . h I I  G . 092 1 1 . h h spectroscopic computer programs m our researc . aussrnn a ong wit t e 
graphical interface GaussView22 is commercially available and widely used software for 
performing quantum chemical calculations. This is used to predict the structures of 
chemical species of interest. Other spectroscopic programs (SPCAT,23 SPFIT,23 KRA24, 
AABS package25 etc.) are freely available on the PROSPE (Programs for Rotational 
Spectroscopy) website.26 
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The experimental rotational spectrum of the molecule of interest is obtained using 
a microwave spectrometer. The observed spectrum is useless without knowing exactly 
what each transition in the spectrum refers to . 1 1  What must be done is to figure out what 
set of quantum numbers describes each of the rotational transitions in the experimental 
spectrum by matching peak patterns between the predicted and observed spectra. This 
process is called assigning the rotational spectra. After assigning a spectrum, it is possible 
to determine the experimental spectroscopic parameters such as rotational constants, 
centrifugal distortion constants and nuclear quadrupole coupling constants using the 
programs mentioned above. The general assignment process is iterative: initially a few 
transitions are assigned, these are fitted to the energy level expressions described earlier 
(e.g. Table 1 .1)  to give experimental values of the rotational, nuclear quadrupole 
coupling and distortion constants, which are then used to calculate an improved 
prediction, and then assign more transitions, etc. 
Once as many transitions from the spectrum as possible have been assigned, the 
rotational constants can then be used to determine the true structure of the molecule and 
find experimental bond lengths, bond angles and dihedral angles according to the 
equations in Section 1.2.  
1 .5 Isotope effects on microwave spectra 
Various isotopic species can be seen in a natural sample of chemical compound 
and these species are called isotopologues. Because of the different isotopic composition 
the isotopologues have different masses. This will lead to having slightly different 
rotational spectra for each isotopologue because they have different moments of inertia 
and different rotational constants according to Equation 1 .14 .  For example, 
3 1  
1 3CH/7Cl-1 3CH2F are the carbon and chlorine isotopologues possible for 
1-chloro-2-fluoroethane, and they have different rotational spectra. Therefore the 
experimental microwave spectrum of this molecule may contain rotational transitions for 
the parent isotopologue ( 12CH/5Cl-12CH2F, with highest isotopic abundance) as well as 
for the other isotopologues. 
The relative abundance of isotopologues in a natural sample is less than the parent 
species. Therefore the isotopologues show weaker rotational spectra. The microwave 
spectra of the 12C/1 3C isotopologues are extremely weak since the natural abundance of 
12C to 1 3C is about 99 : 1 .  Isotopically enriched samples are expensive. Therefore it is 
very important to identify microwave transitions for isotopologues in the observed 
rotational spectrum. Thus, accurately predicted rotational constants for these 
isotopologues are needed to enhance the chances of finding the weak spectra easily. 1 1  
Equation 1 .2 1  describes how to obtain accurate rotational constant predictions for 
isotopologues. 
Bpredicted _ 8experimental _ (Bab initio _ Bab initio ) isotopologue - parent parent isotopologue Equation 1. 2 1 
A good quality fit for the parent species spectrum will provide experimental 
rotational constants (B;��:��mentaz ) .  Theoretical rotational constants are predicted by 
original ab initio calculations for the parent species and other isotopologues 
ab initio d ab initio ) . ll th" l h . . (Bparent an Bisotopologue . Fma y, IS eads to t e predicted rotational constant for the 
. f . ( predicted ) species o mterest Bisotopologue . 
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1 .6 Equilibrium structure (re), Vibrational ground state structure (r0) and 
Substitution structure (rs) of a molecule 
The equilibrium structure (re), vibrational ground state structure (ro) and 
substitution structure (rs) are three different structures which a molecule can have. The 
relative positions of these structures in the potential energy diagram are depicted in 








Figure 1 . 10 :  The potential energy diagram of a molecule 
As explained in Section 1 .4, Gaussian 092 1 predicts the equilibrium structure of 
the molecule at the lowest energy point on the potential energy diagram. This is called the 
ab initio structure in computational chemistry language. S ince it is at the bottom of the 
potential well ,  this  is the energetically most favorable structure. However due to 
zero-point energy we cannot experimentally reach the re structure. Ab initio rotational 
constants and nuclear quadrupole coupling constants of the equilibrium structure are used 
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to predict the theoretical rotational spectrum of a molecule. In general, the uncertainty in 
this ab initio structure is larger than the differences between it and the experimentally 
accessible ro and rs structures .  
The vibrational ground state structure, r0, is in the v = 0 vibrational level as 
depicted in Figure 1 .10 .  After a rotational spectrum for a molecule has been assigned we 
can use the experimental rotational constants of parent species and isotopologues together 
to determine the r0 structure using the STRFIT program.27 This program essentially uses 
Equations 1 .3 ,  1 . 1 1, 1 .14 and 1 .15 with appropriate changes for asymmetric top 
molecule. 
The third structure is called the substitution structure. The rs structure can be 
determined from the principal axis Cartesian coordinates of each atom. The KRA 24 
program utilizes the experimental rotational constants of the parent species and individual 
isotopologues to determine the coordinates of the isotopically substituted atoms, so the 
actual structure of the molecule can be built in the principal axes system. The KRA 
program is based on extensive mathematical equations derived by J. Kraitchman in 1 953 . 
Therefore these coordinates are called , Kraitchman coordinates in rotational 
spectroscopy. 28 The exact position of the rs structure is not well defined on the potential 
energy diagram of the molecule, but it is in between the r0 and re structures. The fuzzy 
line in Figure 1 .10  accounts for this. 
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1 .7 Instrumentation 
As already discussed, Fourier-transform microwave (FTMW) spectroscopy is a 
useful tool which can be used to determine the structures of molecules. 29'30 The different 
energy levels (electronic, vibrational and rotational) of a molecule are shown in Figure 1 .1 1 .  
Electronic energy levels 
(UV-Vis) 
Excited state 
AEelec >>> AEvib >> AErot 
Vibrational energy levels ----V 1 1 R1 
- - - - -
- - - - - t AE tiEvib �-=------- _ _ _ - - - - - · -- j rot - - - - - - - - - - - - - v = 0 _ .. .. - II: = = = : = = = : : : : : == 
Ground state Rotational energy levels 
(M icrowave) 
Figure 1 . 1 1 :  Molecular energy levels 
In rotational spectroscopy we measure the smallest energy differences of a gas 
phase molecule according to the energy level diagram given in Figure 1 . 1 1 .  We can 
compare the experimental full width at half maximum values (FWHM) as shown in 
Figure 1 . 12  to understand the line width of different spectroscopies. Therefore 
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microwave spectroscopy is considered to be high-resolution spectroscopy because the 
line widths are very narrow. 
Type of spectroscopy FWHM 
UV-Vis (Electronic) N several GHz 
IR (Vibrational) N tens of MHz 
MW (Rotational) N 0.01 MHz or better 
6 2 5 0  
Figure 1 . 12 :  FWHM values of different spectroscopies 
The l ine width is dependent upon the lifetime of the molecule in the excited state. 
Molecules actually have a long life time in rotational excited states and therefore 
rotational transitions will have narrow line widths and are able to be measured very 
precisely. The technology is also well developed and microwave synthesizers are 
available to precisely generate the desired microwave frequencies. 
There are two types of microwave spectrometers at Eastern Illinois University. 
The first one is a Balle-Flygare type resonant cavity Fourier-transform microwave 
spectrometer (RC-FTMWS)3 1 '32'33 and the second one is a chirped-pulse 
Fourier-transform microwave spectrometer (CP-FTMWS).34,35  
3 6  
Figure 1.13 shows a schematic representation of the RC-FTMWS.33 The 
explanation given here is for 23DCP because some microwave transitions of 23DCP were 
measured using this instrument. About 0 . 1 mL of liquid 23DCP is placed in the Teflon 
tubing connected to the pulsed nozzle. Argon is used as the carrier gas and is flowed over 
the liquid sample at about 2 .0 bar pressure. The pulsed nozzle is inside the Fabry-Perot 
cavity3 1 created by two mirrors as shown in Figure 1 .13 and is under vacuum 
� 1 X 1 0-7 Torr. 
When Ar is flowed over the sample it carries gaseous 23DCP molecules with it. 
This is about 1 % dilution of 23DCP in Ar. The Ar-23DCP gas sample is introduced into 
the vacuum chamber via the pulsed nozzle at a rate of 1 0  Hz. 36 The nozzle has a very tiny 
pinhole. So there will be a supersonic expansion at the pinhole when the gas sample is 
introduced into the chamber. Supersonic expansion is an adiabatic process where no heat 
is transferred between the system and surroundings. The temperature goes down to 
approximately 1 .5 K when this expansion takes place and this creates a collisionless 
environment for the 23DCP molecules inside the vacuum chamber. This collisional 
cooling of 23DCP with Ar atoms as they leave the pinhole will move the molecules into 
the v = 0 vibrational level and low J rotational levels. 
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Figure 1 . 13 :  Resonant cavity Fourier-transform microwave spectrometer18 
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The two opposing spherical mirrors in the cavity are separated by an adjustable 
distance. A resonant standing wave of microwave radiation is created between the 
mirrors by changing the distance between them. A computer program written by 
Prof. Jens-Uwe Grabow is used to do all the adjustments in the spectrometer, including 
the mirrors. 37 The mirrors contain microwave antennae protruding from their centers 
which are connected to a microwave synthesizer that produces pulsed microwave 
radiation. The 23DCP molecules in the supersonic expansion are probed with microwave 
radiation spanning around 1 MHz around a chosen center frequency. The electric dipole 
moment of 23DCP then interacts with the oscillating electric field of microwaves. This 
process will exert a torque on the molecule and this torque causes the molecule to rotate 
at the frequency of the incident radiation. The interaction of molecules with a pulse of 
microwave radiation also causes the dipole moments of the molecule to align with the 
electric field. This results is a macroscopic polarization of the whole group of 
molecules, 38 corresponding to a rotational excitation of the molecules. 
After that the microwave pulse is removed and therefore relaxation of the 
molecules occurs. There is a decay of polarization with time, called a free induction 
decay (FID). These FID ' s  are time domain signals and are Fourier-transformed to obtain 
frequency domain signals giving the experimental rotational spectrum. 
Resonant cavity Fourier-transform microwave spectroscopy is very sensitive and 
an ideal method to detect weak rotational transitions, but it can only measure 1 MHz 
bandwidth at a time and this is the disadvantage of this instrument. It is time consuming 
and would require several weeks to obtain a complete microwave spectrum over the full 
�6-1 8 GHz range of the instrument. 
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The second instrument, a chirped-pulse Fourier-transform microwave 
spectrometer,35  is a recent development of the Balle-Flygare type resonant cavity 
Fourier-transform microwave spectrometer. A schematic diagram of this  instrument is 
shown in Figure 1 . 14 .  This spectrometer has a bandwidth of up to 480 MHz, providing 
significant time advantages over resonant-cavity FTMW spectrometers, although it is 
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1 .  Arbitrary Function Generator DC-240 M Hz (Tektronix AFG3251 ); 2. Hewlett-Packard 
microwave synthesizer 2-26.5  GHz (HP8673G); 3. Wilkinson power d ivider, 2-way, 2-1 8 GHz 
(Omni Spectra 20494 7); 4 and 4'. Double-balanced mixers 5-20 GHz (Miteq DM0520LW1 ); 5. 
1 0  Watt solid state amplifier (Microwave Power L06 1 8-04-T646); 6. Double ridged microwave 
horns 7.5-1 8 GHz (ATM 750-442-C3); 7. Parker Hannifin Series 9 solenoid valve, 0 .8  mm 
orifice; 8. Vacuum chamber (Nor-Cal I S0-250 6 way c ross, with 8 inch extensions to 
accommodate horns), pumped by Varian VHS-250 1 O" diffusion pump and Adixen 2033SD 
rotary vacuum pump; 9. SPST switch (HP33 1 0 2A); 1 0. 8-1 8 GHz low-noise amplifier (Miteq 
AMF-5F-08001 800-1 4-1 OP); 1 1 . 1 -500 MHz amplifier (Miteq AU-2A-0 1 50); 1 2. 500 MHz digital 
oscilloscope (Tektronix TDS50548); 
Figure 1 . 14 :  The CP-FTMWS located at Eastern Illinois University35 
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In Figure 1.14,  the microwave synthesizer (2) generates a particular microwave 
center frequency and at the same time the arbitrary function generator ( 1 )  produces a 
chirped-pulse sweeping between 0-240 MHz in 1 µs . Therefore the output of the double 
balanced mixer (4) is a collection of microwave radiation having a 480 MHz bandwidth. 
This microwave radiation is pulsed into the vacuum chamber (8, shown in a dashed box) 
through a microwave horn antenna (6, lefthand horn) . The gaseous sample (with carrier 
gas) is pulsed into the vacuum chamber via the pulsed nozzle (7) and shot with 
microwave radiation. This process will rotationally excite the molecules as described for 
the RC-FTMWS and FID ' s  are collected from the other microwave horn (6, righthand 
horn) and sent to the oscilloscope ( 1 2) and Fourier-transformed to obtain a frequency 
domain microwave spectrum.34,35 
1 .8 Goals and objectives of this project 
1 ,2-Dichloroethane ( 1 2DCE), 1-chloro-2-fluoroethane ( 1 C2FE) and 
2,3--dichloro-1-propene (23DCP) are the three chlorinated hydrocarbons used in this 
study, and the main objectives of this research work are to : 
1 .  Determine rs and r 0 structures and compare with re structures .  
2 .  Compare chlorine nuclear quadrupole coupling constants. 
3. Determine how the degree of halogen substitution can affect structural 
parameters 
of 1 2DCE, 1 C2FE and 23DCP. 
The main three objectives will be achieved as explained below: 
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./ Obtain experimental rotational spectra of 1 2DCE, 1 C2FE and 23DCP from 
CP-FTMWS . 
./ Optimize the structures and determine relative energies, rotational constants and 
nuclear quadrupole coupling constants using Gaussian 09 software . 
./ Simulate the spectra of the parent molecules, and match the predicted spectra with 
observed spectra to determine the set of quantum numbers describing each of the 
rotational transitions . 
./ Find experimental rotational constants and other spectroscopic parameters . 
./ Assign rotational spectra for possible isotopologues and find their rotational 
constants and other spectroscopic parameters . 
./ Determine and compare the molecular structures of 1 2DCE, 1 C2FE and 23DCP. 
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CHAPTER 2 
MICROWAVE SPECTROSCOPY OF 
1 ,2-DICHLOROETHANE 
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2.1  Introduction 
1 ,2-Dichloroethane ( 1 2DCE) is a common chlorohydrocarbon found in industry. 
It is used to make vinyl chloride and chlorinated solvents such as trichloroethane, 
trichloroethylene, perchloroethylene, and vinylidene chloride. 1 These solvents are used to 
remove grease, resins, glues and dirt. 1 2DCE is used as a solvent in the manufacture of 
polystyrene and styrene butadiene copolymer latex. It has also been used as a leaded 
gasoline additive and a fumigant.2 It is often discharged to the environment after its use. 
The majority of 1 2DCE released to the environment is in emissions to air. It is 
moderately persistent, with an estimated atmospheric lifetime of between 43 and 1 1 1  
days. Small amounts of 1 2DCE are transported to the stratosphere, where photolysis may 
produce chlorine radicals which may in turn react with ozone as described in Chapter 1 .3 
Some 1 2DCE may be released in industrial effluents to the aquatic environment from 
where it is removed rapidly by volatilization.4 One recent study has found 1 2DCE to be 
the most abundant chlorinated hydrocarbon detected in the effluent from a petrochemical 
plant in southern Italy. 5 Since 1 2DCE is a serious environmental pollutant, it is very 
important to determine the gas phase structure of this molecule in order to help 
understand its stability in the atmosphere. 
This organic molecule has different spatial arrangements generated by rotation 
about the C-C single bond. Out of an infinite number of conformers, two have been 
identified as the most stable arrangements. These are called the anti and gauche 
structures as depicted in Figure 2 .1 .  The anti conformer has the lowest potential energy. 
Because of the opposite directions of electric dipole moment vectors of the polar C-Cl 
bonds, the anti conformer is non-polar. However, there is a net dipole moment in the 
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gauche conformation and therefore it is polar. Thus the gauche isomer is the detectable 
conformer of 1 2DCE in microwave spectroscopy. The main focus of this research work 
was to analyze and assign rotational transitions of the gauche form to determine 
spectroscopic and molecular parameters . The anti to gauche ratio in a gaseous sample of 
1 2DCE is approximately 4: 1 . 6 Therefore, there will be a considerable gauche population 
in a gaseous sample to produce a microwave spectrum of 1 2DCE. 
anti - 12DCE gauche - 12DCE 
Figure 2. 1 :  Anti and gauche conformers of 12DCE 
1 2DCE contains two chlorine atoms. S ince naturally occurring Cl consists of two 
isotopes, 35Cl  and 37Cl, three isotopic structures are available. These are called 
isotopologues and 1 2CH/5Cl-1 2CH235Cl is the parent isotopologue. The other structures 
are 1 2CH2
35Cl-1 2CH/7Cl  and 1 2CH/7Cl-1 2CH237Cl .  The natural abundance of 35CI to 37Cl 
is about 3:  1 .  Therefore we can predict the peak intensity ratio for these 3 species 
35CI-35Cl  : 35CI-37CI : 37Cl-37Cl to be 9 : 6 : 1 .  1 2C and 1 3C are the two most common 
isotopes of naturally occurring carbon.  1 2DCE contains two C atoms and therefore 5 
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additional isotopologues are possible when 35Cl/37Cl isotopologues are also taken into 




37Cl .  The relative abundance of 1 2C to 1 3C is about 99 : 1 .  Therefore the 
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Figure 2.2 : The 2 l l  � 202 transitions of 
13C and 35Cl/37Cl isotopologues in the 
8070-8310  MHz range of the microwave spectrum of 12DCE 
Gauche-1 2DCE is nonplanar and therefore three different rotational axes 
(a, b and c) can be defined which are perpendicular to each other and go through the 
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center of mass of the molecule as shown in Figure 2.3 . Therefore gauche-1 2DCE has 
three different moments of inertia, Ia, h and le, and three different rotational constants, 
A, B and C. Since Ia i- h !- le, 1 2DCE is classified as an asymmetric top molecule. 
Therefore three quantum numbers (J, Ka and Kc) are required to describe the rotational 
transitions of gauche-1 2DCE. In addition to that, another two quantum numbers (F1 and 
F2) are required to explain the nuclear quadrupole coupling in the microwave spectrum 




Figure 2.3 : The equilibrium structure of gauche-12DCE in the principal axis system 
so 
2.2 Experimental section 
2.2.1 Instrumental work 
The microwave spectrum of 1 2DCE was obtained using the chirped-pulse 
Fourier-transform microwave spectrometer (CP-FTMWS) located at the University of 
Virginia with three nozzles set perpendicular to the microwave propagation. The 
experimental spectrum was scanned from 6 to 1 8  GHz and resulted from an average of 
approximately 5 1 0,000 FID' s. Neon was used as the carrier gas at about 2 atm pressure 
and flowed over a sample of liquid 1 2DCE, to give a sample composition of about 1 % in 
the gaseous mixture which entered the vacuum chamber. 7 
2.2.2 Computational work 
Equilibrium structures of anti and gauche conformers of 1 2DCE were modeled 
and optimized at the MP2/6-3 1 1  ++G(2d,2p) level using the Gaussian 09 ab initio 
program. 8 This program resulted the optimized energy, the rotational constants (A, B and 
C), nuclear quadrupole coupling constants ( Xbb 1 XcC1 Xab 1 Xac and Xbc) and dipole 
moment components (µa, µb and µc) of the minimum energy structures of anti and 
gauche conformers of 1 2DCE. The optimized energy of the anti form was compared with 
the gauche structure to determine the most stable conformer of 1 2DCE. 
2.2.3 Analytical work 
The SPCAT program9 was used to predict the rotational spectrum by using 
estimated rotational constants and nuclear quadrupole coupling constants (NQCC's) 
obtained from Gaussian 09. After that, the AABS package 10 was used to view both the 
5 1  
experimental and predicted spectra. Figure 2.4 shows the observed and simulated spectra 
for the parent isotopologue of gauche-1 2DCE ( 1 2CH2
35Cl-1 2CH2
35CI). 
87 4 3 . 2 5 3 1  <- Cur�or Di�piay ran e� - >  X :  
'l( :  
Figure 2.4 : Experimental and predicted microwave spectra of the 3 12 � 303 transitions 
of gauche-12DCE in the 8640-8840 MHz range 
Figure 2.4 shows the two spectra before any of the transitions are assigned. The 
simulated spectrum has been obtained using predicted rotational constants and NQCC 's .  
Because of this, the transition frequencies in  the predicted spectrum are not exactly equal 
to the experimental ones. Therefore, initially spectral l ines are not aligned and there is an 
offset. The peak patterns of the predicted spectrum were matched with the experimental 
spectrum to assign a unique set of rotational quantum numbers to the observed 
microwave transitions. After some transitions were assigned it began to align as shown in 
Figure 2.5, which is an enlarged version of observed and predicted spectra. 
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Di�p1ay range� - >  
Figure 2.5: The 1 10+--101 transitions for the parent isotopologue of gauche-12DCE in the 
7964.4-7971.6 MHz range 
The green color box in the simulated spectrum shows the quantum numbers for 
this microwave transition ( 1 1 03 ,4+-- 1 0 1 2 ,3) .  For instance, consider the lower rotational 
energy level of this transition viz. 1 0 1 2,3 . This represents the quantum numbers J = 1 ,  
Ka = 0, Kc = 1 ,  F1 = 2 and F2 = 3 .  However, in AABS and SPFIT/SPCAT programs9• 1 0 
F1 is represented as an integer, F1 = 2, for convenience, by adding � to the actual 2 
F1 quantum number (where F1 = � + � = 2) .  The quantum number F2 is calculated as 2 2 
usual according to Equation 1 . 19  in Chapter 1 and the same value is shown in 
SPFIT/SPCAT programs without any change (where F2 = � + � = 3) .  Therefore the 2 2 
actual values of F1 and F2 quantum numbers of this rotational transition are � and 3 ,  2 
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respectively. The red color boxes show the calculated (7968 . 1 4760 MHz) and observed 
(7968 . 1 508 MHz) frequencies. This process was repeated by identifying as many peak 
patterns as possible in the broadband microwave spectrum to assign and fit the rotational 
transitions for gauche-l 2DCE. 
The SPFIT program9 was used to fit these microwave transitions and the output 
gives a collection of frequencies with quantum numbers, and the experimental rotational 
constants, nuclear quadrupole coupling constants and quartic centrifugal distortion 
constants for the parent isotopologue of gauche-1 2DCE. Once the experimental and 
ab initio rotational constants of the parent species isotopologues were known, the 
predicted rotational constants of the 1 3C and 37 Cl substituted isotopologues were scaled 
from the ab initio values using Equation 1 .21 in Chapter 1 .  
0.2 
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Figure 2.6: The experimental rotational spectrum with quadrupole splitting patterns for the 
parent species of gauche-12DCE and showing 3 12+-303 transitions in the 8755-8780 MHz range 
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Figure 2.4 shows a companson of the rotational spectra of several Cl 
isotopologues of gauche-I 2DCE ( 12CHl5Cl-12CHl5Cl, 12CHl5Cl-12CH237Cl and 
12CHi37Cl-12CHi37CI) .  An enlarged spectrum in Figure 2 .6  shows the microwave 
transitions of the parent species ( 12CH235Cl-12CHl5Cl) with quadrupole splitting patterns. 
After that the SPCAT and SPFIT programs were collectively used to predict and 
fit spectra using the AABS package to determine experimental rotational constants, 
nuclear quadrupole coupling constants and quartic centrifugal distortion constants of 1 3C 
and 37 Cl isotopologues. 
Since the rotational constants for the parent species as well as for the 
isotopologues were known, the final step was to gather all of these data to find bond 
lengths, bond angles and dihedral angles to determine the molecular structure of the 
gauche conformer of 1 2DCE. The KRA program 1 1  was used to determine the rs structure 
and STRFIT program 12 was used to determine the r0 structural parameters of 
gauche-I 2DCE as described in Chapter 1 .6 .  
2.3 Results and discussion 
2.3.1 Determination of spectroscopic constants of gauche-12DCE and comparison 
with previous work 
Table 2.1 shows the ab initio results of the anti and gauche conformers of 
1 2DCE. The optimized energies of anti- and gauche-l 2DCE were -997. 74333730948 Eh 
and -997. 74 1 02293 1 88 Eh, respectively. The optimized energy is much more negative for 
the anti structure and therefore it is the most stable form. The energy separation between 
the anti and gauche conformers is about 508 cm-1 (6 .08 kJ mor1) .  According to ab initio 
SS 
results all the dipole moment components of the anti-1 2DCE are zero. This result agrees 
with expectations based on symmetry; therefore, anti-1 2DCE is non-polar and we cannot 
expect a microwave spectrum. The gauche-1 2DCE is polar and has a large b dipole 
moment component and the experimental b-type microwave spectrum obtained from 
CPFTMWS contained transitions for the parent species and other isotopologues of the 
gauche conformer. 
Table 2 .1 : Ab initio results of anti and gauche-12DCE 
Spectroscopic parameter Anti Gauche 
Rotational constants I MHz 
A 29396.0 9894.0 
B 1 502.7  2255 .5  
c 1 455 .6  1 953 . 3  
Dipole moment I D 
µa 0.0 0 .0 
µb 0.0 2 .7 
µc 0.0 0 .0 
Coupling constants I MHz 
3/2 Xaa -82.9 -2 . 1  
1/ 4 Cxbb - Xcc) -3 . 8  - 1 3 .2 
Xab -33 . 5  ±47.2a 
Xac - 1 5 .4 
Xbc - :+2 1 .2a 
�E/cm-1 0 508 
a The sign of  the Xab and Xbctenns may be  different for two Cl atoms of  gauche-12DCE 
Table 2.2 shows the ab initio and experimental results of parent species, 1 3C and 
37Cl isotopologues of gauche-1 2DCE. The experimental rotational constants and 
NQCC' s  of all the isotopologues including the parent species are consistent with ab initio 
values. The experimental rotational constants were determined precisely, with a very low 
degree of uncertainty. The numbers of possible rotational transitions for 
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microwave spectrum are relatively small when compared with the parent molecule 
because of the low natural abundance of 37 Cl and 13C .  Frequencies of all assigned 
transitions of 1 2DCE are tabulated in Appendix 1 .  
The Ray's asymmetry parameter ( K) for the parent species of gauche-I 2DCE is 
-0.92 according to Table 2.2 . Therefore it can be concluded that gauche-I 2DCE 1s a 
near prolate top molecule. 
One of the objectives of this study was to determine the NQCC' s  of 
gauche-I 2DCE. This molecule has previously been studied by Sugie, et al in 1 9971 3  but 
they were unable to determine the off-diagonal constants (xah' Xac and xb). This is 
because the NQCC' s  for the principal inertial axis system of gauche-I 2DCE were 
determined by analyzing only two different transitions, l 02,9+- l 01 , 10 and l l  1 , 1 0+- l 02,9· 
There are 9 components ( 6 unique values) in the nuclear quadrupole coupling tensor 
(matrix) and it is not possible to determine the complete tensor without these off diagonal 
terms. Without knowing all the tensor elements, the diagonalized matrix cannot be found. 
The diagonalized matrix gives the NQCC's of the Cl atom in the principal axes (x, y, z) of 
the Cl nucleus. 
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9933 .6248( 1 1 )  
2255. 5 
2266.92 1 37(30) 
1953. 3 
1 962 .76862(26) 
4Cl I 8Clb 
-2. 1 





15. 4  




- 1 5 .25(12) 
59 .72( 1 8) 
0 .4 1 7 1 ( 1 8) 
1 94 
3 .3  
-0.92 
i2CH23sCl-12CH2 37 Cl 
98 70. 4a 
9870.0344(14) 
221 1 . r  
22 1 1 .0260(3) 
1918. 5a 
1 9 1 8 .43806(29) 
43sClb 831Clb 
-2. 5 -1 . 0 
-2 .304(6) -0.625(7) 
-10. 3  -13 .3  
- 1 0 .9494(2 1 )  - 14.2 1 28( 1 8) 
-3 7. 4  4 7. 0  
-39 . 1 5 (30) 49 .9(3) 
12.2 15. 2  
1 3 .4(1 .4) 1 5 .9( 1 .6) 
16. 5  -21 . 3  
1 8 .0(5) -22 . 8(5) 
1 .637(9) 
- 1 5 .09( 13)  
58 .58(23) 
0 .3967(1 8) 
1 73 





9806. 5a 9 730.4a 
9805.7533(2 1 )  9730.8987(24) 
2156. r  2261 . 3a 
2 1 55 .9036(8) 226 1 .333(5) 
1 8 74. r 1952. r 
1 874.5612(4) 1 952.  7298(20) 
4Cl I 8Clb 4Clb(12C) 8Clb(13C) 
-1 . 7 -1 .5  -2. 6 
- 1 .433(4) -2.202( 1 1 ) - 1 . 1 64(14) 
- 1 0. 4  -13 .5 -12. 8 
- 1 1 .0824( 1 0) - 1 3 .65 1 ( 1 1 )  - 14.4 14( 1 0) 
-3 7.2  4 7.2  -47. 1 
-39 .3 1 9( 1 9) 52.0(6) -47.9(6) 
12. 1 14. 8  1 6. 0  
12 .92(26) 1 6 .0(9) Fixed 
1 6. 6  -20. 7 21 . 7 
1 7 .8 1 ( 14) -23 .8(3) Fixed 
1 .604(2 1 )  1 .48( 1 6) 
- 14 .49(30) - 1 5 .9(5) 
59.72 (Fixed) 59 .72 (Fixed) 
0.37 1 (5) 0 .385(22) 
88  59 
2 .3 4.0 
-0 .93 -0 .92 
a The ab initio rotational constants of isotopologues were scaled according to Equation 1.21 
b Numbering of Cl atoms follows Figure 2.3 
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These xxx' xY.Y and x== terms are needed to determine the electric field gradient 
around the Cl atom and to compare it with other chlorine containing species .  The 
electronic properties of the C-Cl bond of gauche-l 2DCE are the same for the parent 
species as well as isotopologues since it depends only upon the number of electrons . 
Therefore the electric field gradient at the Cl nucleus should be the same for both 35Cl 
and 37 Cl species. Even though 35Cl and 37 Cl have the same electric field gradients, the 
actual nuclear quadrupole moments of 35Cl and 37Cl are different. Therefore the 
diagonalized matrix elements will be different. Table 2.3 shows the nuclear quadrupole 
coupling constant tensor and the diagonalized matrix of parent gauche-l 2DCE with the 
experimental and ab initio results.  Wolfram Mathematica 9.0 was used to obtain the 
diagonalized matrix of the ab initio and experimental results . 14 
Table 2.3 : NQCC and diagonalized tensors of the parent species of gauche-12DCE 
NQCC tensor I MHz Diagonalized tensor I MHz [Xaa Xab Xacl [xf 0 x:l Xba Xbb Xbc Xxx Xca Xcb Xcc 0 [-1 .399 47.167 15 .369 l [-69�30B 0 33 .Ll Ab initio 47.167 - 2 5 .624 - 2 1. 1 7 3  3 5 . 6 1 8  15 .369 -21.173 27 .023 0 [-1 .152 49.885 16 .505 l r-7r5 0 35 .Ll Experimental 49.885 -27.5 13 -22 .700 37.685 16.505 -22.700 28.665 0 
These results can also be used to determine the asymmetry parameter, 71, which 
gives a measure of whether the electric field gradient is cylindrical around the C-Cl 
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bond. 1 5 Equation 2.1 shows how to calculate the asymmetry parameter using nuclear 
quadrupole coupling constants in the diagonalized tensor. 1 6  
Xxx - Xyy 
71= ----Xzz 
Equation 2. 1 
The calculated ab initio and experimental 17 values for the parent species of 
gauche-1 2DCE were -0.028 1 and -0.0236 respectively. The asymmetry parameter 
would be zero if the charge distribution around the bond was perfectly cylindrical. 
Th t Cl t f th t . i2CH23sCl-12CH23sCl and e wo a oms o e paren species, 
12CHz37Cl-12CHz37Cl, are in the same chemical environments. Therefore for each 
isotopologue, the same set of 5 coupling constants was obtained for both Cl atoms. 
chemically the same, the mass distribution is different in the principal axis system and 
therefore the principal axes are different. Thus the two Cl atoms should have different 
NQCC's. However this difference is not very large according to the ab initio and 
experimental results.  The x and xh constants of one of the Cl atoms (8Cl in Table 2.2) ac c 
of the isotopologue 12CH235Cl-13CHz35Cl were fixed to the ab initio values because fits of 
them resulted in high uncertainties. This was done in order to have a quality fit. Some of 
the NQCC values, especially the off-diagonal terms, are very sensitive to specific 
rotational transitions . For instance, the uncertainties of x terms of 12CHz35Cl-12CHz37Cl ac 
isotopologue were high, because that fit may be missing the specific rotational transitions 
which help to determine their values unambiguously. 
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The first four quartic centrifugal distortion constants for 12CH235Cl-
12CHz35Cl and 
12CHz35Cl-12CHz37Cl were determined with a very low uncertainty. However the llK term 
of 12CHz37Cl-12CH237Cl and 
12CHz35Cl-13CHz35Cl had to be fixed to the experimental llK 
of the parent species, 12CHz35Cl-12CH235Cl, in order to have a quality fit with a small 
llvrms value. 
In the previous study, 1 3 only a few microwave transitions were used to determine 
the experimental results .  However the number of transitions was much higher in the 
current study. Table 2.4 shows a comparison of some of the spectroscopic data between 
the current and previous studies. 
The 12CHz37Cl-12CHz37Cl isotopologue was not analyzed in the previous work, 
but in the current study the rotational spectrum of this species was assigned with 88  
microwave transitions. In  general, the uncertainties of  the spectroscopic constants are 
high in the previous work. For instance, the relative percentage of uncertainty of A 
rotational constant for the parent species was 4 x 1 0-4 in the previous work, but in the 
current study it is 1 x 1 0-5 . 
Another major difference between the current and previous study was utilizing a 
broadband MW spectrum from 6 to 1 8  GHz region to obtain the results using a 
CP-FTMWS. Sugie, et a/13 used a conventional Stark-modulated type (direct 
absorbance) microwave spectrometer to analyze 1 2DCE. Also they measured only a 
limited number of Q-branch transitions, but in the present study it was possible to 
measure a collection of P, Q and R-branch transitions. 
6 1  
Table 2.4 : The experimental results of current and previous work of various 
isotopologues of gauche-12DCE 
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Number of fitted transitions 
1 94 
i2CH2 35Cl-12CH2 37 Cl 
98 70. 00(6) 
9870.0344(14) 
221 0. 996(1 7) 
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a Fixed to the experimental result from the parent species in order to have a quality fit 
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2.3.2 Molecular structure of gauche-12DCE 
The final objective of this work was to determine the complete rs and ro structures 
of gauche-l 2DCE. All the rotational constants of the parent species and isotopologues 
were gathered and Kisiel ' s  KRA and EV AL program1 1  were used to find the rs structure 
of gauche-l 2DCE according to Kraitchman's equations. 1 7  The additional deuterated data 
published by Sugie, et a/1 3  was also used since deuterium substituted isotopologues were 
not studied under the current work. Figure 2.3 shows the ab initio structure of 
gauche-l 2DCE in the principal axis system. The coefficients which have been written in 
front of atomic symbols are the numbering system according to the Gauss View. 1 8  
Kraitchman's equations for single isotopic substitution determine the absolute 
values of the Cartesian coordinates of substituted atoms. Because of the symmetry of 
1 2DCE, if we could determine the Cartesian coordinates of l C, 2H, 3H and 4Cl, we 
could also easily determine the coordinates of 6C, 5H, 7H and 8CL Table 2.5 
summarizes the Kraitchman coordinates of the 1 C 2H 3H and 4Cl atoms of the , l 
gauche-l 2DCE molecule and compares them with ab initio results. 
Table 2.5 :  A comparison of ab initio principal axis coordinates with Kraitchman 
coordinates for gauche-12DCE 
Atom I a I a l b l b I c l c 
(Kraitchman' s) (Ab (Kraitchman' s) (Ab (Kraitchman' s) (Ab 
l C  0 .63 8 1 (24) 0. 6462 0.9592(1 6) 0. 9650 0 .387(4) 0. 387 
2H 0.377(6) 0. 465 0.89 1 5(27) 0. 8998 1 .4597( 1 7) 1 . 4530 
3H 1 .2262( 1 4) 1 . 1 9 78 1 .8657(9) 1 . 8 733 0 . 1 84(9) 0. 1 6 7  
4Cl 1 .6943 (9) 1 . 701 6 0.4 1 1 8 (37) -0. 41 1 0  0.058(26) -0. 065 
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The ab initio values are consistent with Kraitchman' s  results.  The ab initio output 
file (g 1 2dce. log) was used to determine the sign of the Kraitchman coordinates which 
was required to build the structure of gauche- I 2DCE. After that, the EV AL program 1 1  
was used to determine bond lengths, bond angles and dihedral angles of the molecule. 
Assuming that all of the atoms of gauche-1 2DCE are structurally different, we would 
require 1 8  parameters to define the entire structure of the molecule using internal 
coordinates, as summarized below. 
Number of bond lengths = 7 
Number of bond angles = 1 0  
Number of dihedral angles = 1 
The EV AL program was used to find all of these parameters (with some 
additional parameters) and they are listed in Table 2.6. The connectivity of atoms follows 
the same numbering system given in Figure 2.3 .  Table 2.6 further compares the current 
results with the previous studies by Sugie, et al. 1 3 
The current work was consistent with previous work according to results obtained 
from the EVAL program, and some additional dihedral angle data were determined 
which had not been reported by Sugie, et al. 1 3 
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Table 2.6: The results of EV AL program for gauche-12DCE compared with 
previous work 
(rs structural parameters) 
Connectivity of atoms Current work Sugie ' s  work
u 
Bond length I A Bond length I A 
1 C- 6C 1 .492(4) 1 .49 1 (3) 
1 C-4Cl (6C-8Cl) 1 .787(7) 1 . 787(4) 
1 C-3H (6C-7H) 1 . 1 06(4) 1 . 1 08(6) 
1 C-2H (6C- 6H) 1 .099(3) 1 .098(4) 
Connectivity of atoms Bond angle I degrees Bond angle I degrees 
4Cl-1 C-6C (8Cl-6C-1 C) 1 1 2 . 1 (6) 1 1 2 . 1 (3) 
3H-1 C-6C (7H-6C-1 C) 1 07 .5(4) 1 07 .5(8) 
2H-1 C-6C (5H-6C-1 C) 1 1 1 .2(4) 1 1 1 . 3 (4) 
3H-1 C-2H (7H-6C-5H) 1 1 0 .8 (6) 11 0 .8 (9) 
4Cl-1 C-2H (8Cl-6C-5H) 1 05 .7(3) 1 05 .7(4) 
4Cl-1 C-3H (8Cl-6C-7H) 1 09 .5(8) 1 09 .6(8) 
Connectivity of atoms Dihedral angle I degrees Dihedral angle I degrees 
8Cl-6C-1 C-4Cl 68 .2(9) 68 . 1 (7) 
8Cl-6C-1 C-3H (7H-6C-1 C-4Cl) -52.2(7) 
8Cl-6C-1 C-2H (5H-6C-1 C-4Cl) - 1 73 .7(8) 
7H-6C-1 C-3H - 1 72.6(2) Not reported 
7H-6C-1 C-2H 65.9(5) 
5H-6C-1 C-3H 65.7(5) 
5H-6C-1 C-2H -55.6(7) 
In Figure 2.3, some structural parameters are the same according to the symmetry 
of gauche-l 2DCE. As an example, the two C-Cl bonds are in the same chemical 
environment and should be the same. Therefore all parameters were not required to 
define the complete structure and duplicate parameters can be eliminated from Table 2.6. 
James K. G. Watson found that the number of independent parameters required to define 
a complete structure of a molecule is equal to the number of totally symmetric vibrational 
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modes. 1 9 Therefore, the total number of independent parameters required to define the 
entire structure of gauche-1 2DCE is 1 0. 
Finally the complete r0 structure of gauche-1 2DCE was determined using Kisiel ' s  
STRFIT program. Table 2.  7 shows the set o f  1 0  independent parameters used to define 
the complete molecular structure of gauche-1 2DCE. The connectivity of atoms follows 
the same numbering system given in Figure 2 .3 .  
Table 2.7: The result o f  STRFIT (ro) program for gauche-12DCE and comparison 
with rs structure 
Connectivity STRFIT (ro) KRA and EV AL (rs) 
Bond length I A Bond length I A 
1 C-6C 1 .507(8) 1 .492(4) 
1 C-4Cl (6C-8Cl) 1 .785(3) 1 .787(7) 
1 C-3H (6C-7H) 1 . 1 20(8) 1 . 1 06(4) 
1 C-2H (6C-5H) 1 .092(7) 1 .099(3) 
Connectivity Bond angle I degrees Bond angle I degrees 
4Cl-1 C-6C (8Cl-6C-1 C) 1 1 2 . 1 7(6) 1 1 2 . 1 (6) 
2H-1 C-6C (5H-6C-1 C) 1 1 0 .7(7) 1 1 1 .2(4) 
3H-1 C-6C (7H-6C-1 C) 1 06 .0(9) 1 07 .5(4) 
Connectivity Dihedral angle I degrees Dihedral angle I degrees 
5H-6C-1 C-4Cl - 1 74( 1 )  - 1 73 .7(8) 
7H-6C-1 C-3H - 1 7 1 ( 1 )  - 1 72 .6(2) 
8Cl--6C-1 C-4Cl 67 .5(3) 68 .2(9) 
66 
Figure 2.7 summarizes the rs and r0 structural parameters of gauche-1 2DCE and 
a comparison with the previous work. 1 3 The current results agreed with previous work 
and are consistent with the ab initio structural parameters. S ince the Cartesian 
coordinates of the two chlorine atoms were known from the rs and r0 results, the Cl-Cl 
distance of gauche-1 2DCE was also calculated [3 .39 1 (2) A] to compare with the Cl-Cl 
distance of gauche-23DCP (Chapter 4). 
r, st ructure 3.406 A 
r, structure 
r, structure (pre�ious work) 
r0 \tructure 













1 7 1 (1)  
c 
b 
4Cl-8CI distance I A 
3.406 
3.391 (2) 
Bond angle I degrees 
4Cl-1C-6C 
1 1 2 . l  
1 12 . 1 (6) 
1 12. 1(3) 







l l l .2 
1 1 1 .2(4) 
1 1 1 .3(4) 
I I0.7(7) 













1 . 1 06(4) 
1 . 108(6) 





1.  785(3) 
Figure 2.7: Comparison of r0 and rs molecular parameters of gauche-12DCE with 
ab initio results and with previous experimental work13 
2.4 Conclusion and future work 
The complete rs and r0 structures of gauche-1 2DCE were successfully determined 
with the help of deuterated data from previous work. 1 3 Molecular parameters agreed well 
with previous work and ab initio results are consistent with these. The experimental 
Cl-Cl distance calculated using Kraitchman coordinates was 3 . 39 1 (2) A and is slightly 
shorter than the ab initio value, 3 .406 A. 
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Other group members are currently working to determine structures of discharged 
products of 1 2DCE and weakly bound complexes of 1 2DCE with rare gases like Ar. The 
frequency data from this chapter can be used to eliminate the peaks of known species 
(parent and isotopologues) from the original microwave spectrum to help identify the 
very weak spectra of discharged products and other complexes formed from a sample 
containing l 2DCE. 
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CHAPTER 3 




1-Chloro-2-fluoroethane ( 1  C2FE) is a hydrochlorofluorocarbon (HCFC) used in 
industry. HCFC' s  are utilized in refrigerants, solvents, fire extinguishers, anesthetics, 
glass chillers, and propellants. 1 These are toxic to humans by several mechanisms.  
Inhaled fluorocarbons sensitize the myocardium to catecholamines, frequently resulting 
in lethal ventricular arrhythmias. These compounds also have a central nervous system 
anesthetic effect analogous to a structurally similar general anesthetic, halothane. 2 
HCFC' s  are stable in the atmosphere and normally reach the stratosphere. Once HCFC' s  
are discharged into the atmosphere, they are cleaved by UV-radiation to yield chlorine 
radicals, which interfere with the catalytic cycle of ozone formation and destruction 
(Chapter 1 .1) . 3 This causes depletion of stratospheric ozone concentrations. Since 
1 C2FE is an environmental pollutant according to the Montreal Protocol, 4 it is very 
important to determine the gas phase structure of this molecule in order to help 
understand its stability in the atmosphere. 
This organic molecule also has different spatial arrangements, like 1 2DCE, which 
are generated by rotation about the C-C single bond. The anti and gauche forms are the 
most stable structures out of an infinite number of conformers. The anti and gauche 
structures of 1 C2FE are depicted in Figure 3.1 . The anti conformer has a lower potential 
energy compared to the gauche form because of less steric interaction between the Cl and 
F atoms. However, unlike 1 2DCE, both anti and gauche conformers of 1 C2FE are polar. 
Thus both conformers should be detectable in microwave spectroscopy. The focus of 
Chapter 3 is to analyze and assign rotational transitions of anti and gauche forms to 
determine spectroscopic and molecular parameters of 1 C2FE. The rs and r0 structural 
7 1  
parameters (bond lengths, bond angles and dihedral angles) of gauche-1 2DCE will be 
compared with the structural parameters of gauche-1 C2FE in order to understand the 
effect of halogen substitution. 
anti- 1 C2FE gauche- 1 C2FE 
Figure 3. 1 :  Anti a n d  gauche conformers o f  1 C2FE 
1 C2FE contains one Cl atom. Since naturally occurring Cl consists of two 
isotopes, 35Cl  and 37Cl, two chlorine isotopologues are available for 1 C2FE. 
1 2CH2F-1 2CH/5CI is  the parent isotopologue and the other is  1
2CH2F-1 2CH237Cl.  S ince 
the natural abundance of 35Cl and 37 Cl is  about 3 : 1 ,  the peak intensity ratio for these two 
species, 35Cl  : 37CI ,  is also 3 : 1 .  The 1 C2FE molecule also contains two C atoms and the 
relative abundance of 1 2C and 1 3C is about 99 : 1 .  Therefore the peak intensities of 
1 3CH2F-1 2CH2Cl and 1
2CH2F-1 3CH2Cl isotopologues are extremely smal l .  Figure 3.2 
il lustrates the peak intensities of 37Cl and 13C isotopologues relative to the parent species. 
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Figure 3.2 : The 3 12 +- 303 transitions of Cl and C isotopologues of gauche-1 C2FE 
Since both anti- and gauche-I C2FE forms contain one Cl atom, one additional 
quantum number (F) is required in addition to the three main quantum numbers 
(J, Ka and Kc) to explain the rotational energy levels .  Figure 3.3 shows the optimized 
structure of gauche-I C2FE in the principal axis system. 
b 
c 
Figure 3.3 : The equilibriu m structure of gauche-1C2FE in the principal 
axis system 
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3.2 Experimental section 
3.2.1 Instrumental work 
The microwave spectrum of 1 C2FE was obtained using the chirped-pulse 
Fourier-transform microwave spectrometer (CP-FTMWS) located at Eastern Illinois 
University with one nozzle set perpendicular to the microwave propagation. 5 The 
experimental spectrum was scanned from 6 to 1 8  GHz and came from an average of 
1 0,000 
Fourier-transformed FID ' s. Argon at about 2.9 bar pressure was used as the carrier gas 
and flowed over a sample of liquid 1 C2FE. The sample composition entering the vacuum 
chamber was about 1 % in the gaseous mixture. The 1 C2FE sample was chilled at dry ice 
temperature to reduce the vapor pressure and keep the sample composition at about 1 %. 
3.2.2 Computational work 
Equilibrium structures of anti and gauche conformers of 1 C2FE were modeled 
and optimized at the MP2/6-3 1 1  ++G(2d,2p) level using the Gaussian 09 program 6 to 
obtain the energy and the rotational constants, nuclear quadrupole coupling constants 
(NQCC' s) and dipole moment components of the minimum energy structures. The 
optimized energies of the anti and gauche conformers were compared to determine the 
most stable form. 
3.2.3 Analytical work 
The SPCAT program 7 was used to predict the rotational spectrum by using 
rotational constants and nuclear quadrupole coupling constants obtained from Gaussian 
09.6 After that the AABS package8 was used to view both experimental and predicted 
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spectra. Figure 3.4 shows the observed and predicted spectra of gauche-I C2FE with 
quadrupole splitting. This predicted spectrum is for the parent isotopologue : 
X :  1 6 9 4 8 4  
Y : - 1 6 4 1 02 6 4 6  
1 1 8 1 6 . 3 7 9 1  < - Cursor 
Observed spectrum 
1 1 8 1 2  
Line 1 /  1 :  1 1 8 1 6 . 3 8 3 3  1 . 3 3E - 0 6  
1 2 cfe 6 5 2 0  1 1 . 2 32 
Predicted spectru m 
1 1 8 1 4  
Di spl ay ranges - >  X :  4 7 5  
Y :  2 1 7 0 4 0 8 3 8  
1 1 8 2 0  
Figure 3.4: Experimental and predicted microwave spectra o f  gauche-1C2FE i n  the 
11807-1 1822 MHz region 
Figure 3.4 can be interpreted similarly to Figure 2.5. The quantum numbers at 
the higher rotational energy level (i .e .  3 1 23 )  represents J, Ka, Kc and F respectively. The 
value of F quantum number here is actually �. In AABS8 and SPFIT/SPCAT7 programs, 2 
it is represented as 3 for convenience by adding Yi to the quantum number 
(where F = � + !. = 3) .  The SPFIT program 7 was used to assign and fit microwave 2 2 
spectrum as described in Chapter 2. Finally, the SPFIT program resulted in the 
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experimental rotational constants, nuclear quadrupole coupling constants and quartic 
centrifugal distortion constants for the parent isotopologue of gauche-I C2FE. 
After the experimental rotational constants of the parent species and ab initio 
rotational constants of the parent species and other isotopologues were determined, the 
rotational constants of Be and 37Cl substituted isotopologues were predicted using 
Equation 1 .2 1 .  After that SPCAT and SPFIT programs 7 were collectively used to predict 
and fit spectra using the AABS package8 to determine experimental rotational constants, 
nuclear quadrupole coupling constants and quartic centrifugal distortion constants of Be 
and 37 Cl isotopologues. 
The final step was to gather all of these experimental data to find bond lengths, 
bond angles and dihedral angles to determine the structure of gauche-I C2FE. The KRA 
program9 was used to determine the rs structure and STRFIT program 1 0 was used to 
determine the r0 structure. 
The same procedure described above was followed to find microwave transitions 
of anti-I C2FE. Some transitions were matched with the predicted spectrum, however it 
was not possible to find enough transitions to confirm an assignment and determine 
spectroscopic constants or structural information (see Section 3.3, below, for further 
discussion of this) . 
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3.3 Results and discussion 
3.3.1 Spectroscopic constants of gauche-1C2FE and comparison with previous work 
Table 3.1 shows the ab initio results of the anti and gauche forms of I C2FE. The 
anti-I C2FE has Cs symmetry and it should have "a" dipole moment component (µ ) and a 
it is about O. I D. This is not large enough to produce a microwave spectrum with a good 
intensity pattern, since the intensity is proportional to the square of the dipole moment 
(µ!) . Only a few transitions were seen that might be anti-I C2FE, and it was not enough 
to assign a spectrum. Gauche-I C2FE has large dipole moment components. Therefore 
the experimental microwave spectrum obtained from CP-FTMWS contained many 
transitions for the parent species and other isotopologues of gauche-I C2FE. Since the 
gauche-I C2FE has a large "b " dipole moment component (µ b), the strongest observed 
transitions are b-type transitions. 
The optimized energies of anti-I C2FE and gauche-I C2FE were 
-637.76535032658 Eh and -637 .76425245292 Eh, respectively. This energy is much 
more negative for the anti structure and therefore it is the most stable form. The energy 
separation (!1£) of the gauche conformer with respect to the anti conformer was about 
240 cm-1 (2 . 88  kJ mor1) .  The M value for I 2DCE was 508 cm-1 and it is over double 
the value of I C2FE. 
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Table 3 .1 : Ab initio results of anti- and gauche-1C2FE 
Spectroscopic parameter Anti Gauche 
Rotational constants I MHz 
A 3 0 1 04.8 1 3530.2 
B 2396.2 3295 .3 
c 2283 . 1  2878.4 
Dipole moment I D 
µa 0. 1 0 .7 
µb 0 .0 2 .7  
µc 0 .0 0 .3 
Coupling constants I MHz 
312Xaa -78.9 -32.2 
V4(xbb -Xcc) -4 .6 -9 .3 
Xah 3 7.2 -49.2 
Xac - 1 5 . 8  
Xhc - 14 .9 
M/cm-1 0 240 
Table 3.2 shows the ab initio and experimental results of parent species and 1 3C 
and 37 Cl isotopologues of gauche-I C2FE . The ab initio rotational constants of all the 
isotopologues are consistent with experimental results.  The experimental rotational 
constants were determined with a very low degree of uncertainty. Because the natural 
abundance for 37Cl and 1 3C is low, the number of rotational transitions of 
experimental microwave spectrum is relatively low when compared with the parent 
molecule, 12CHi35Cl-12CH2F. Tables of all fitted transition frequencies may be found in 
Appendix 2 .  
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Ray's asymmetry parameter ( K) was also calculated using Equation 1 .16 and it 
was -0.92. This result confirms that 1 C2FE is a near prolate top molecule. 
One of the objectives of this study was to determine the NQCC's  of the principal 
inertial axis system for the parent species and other isotopologues of gauche-I C2FE. 
This molecule has previously been studied by Mukhtarov, et al in 1 967, 1 1 ' 1 2 but they were 
unable to determine the two off-diagonal constants x and xb , and the x b term was ac c a 
determined with a very large uncertainty. This is because the NQCC' s  were determined 
by analyzing only two different transitions, l 1 0E-- lo1 and 1 n �Ooo. In the present study, it 
was possible to determine all 9 components in the nuclear quadrupole coupling constant 
tensor to obtain the diagonalized form. Table 3.3 shows the experimental and ab initio 
. 
nuclear quadrupole coupling constant tensor and the diagonalized matrix of parent 
gauche-l C2FE obtained using Wolfram Mathematica 9.0 . 1 3 
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15. 3  
1 5 .5(7) 
3 .60(8) 
- 1 9 .9( 1 .3) 
95 .97(Fixed) 
0 .8397(Fixed) 
1 0 .62(Fixed) 
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1 3288 .563(4) 





-33 .730( 1 7) 
-9. 5 
- 1 0 .234(4) 
-49. 4 
-55 .2( 1 .6) 
15.2 
Fixed 
14. 5  
1 5 . 8(8) 
3 .62(1 0) 
-22 . 1 ( 1 .5) 
95 .97(Fixed) 
0 .8397(Fixed) 




• The ab initio rotational constants of isotopologues were scaled according to Equation 1.21 
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Table 3.3 :  Experimental and ab initio NQCC tensor and the diagonalized matrix of 
parent gauche-I C2FE 
NQCC tensor I MHz Diagonalized tensor I MHz [Xaa Xab Xac l [xf 0 x�J Xba Xbb Xbc Xxx Xca Xcb Xcc 0 
[-21 .493 -49 .229 15 .835] [-69�205 0 33 .Ll Ab initio -49.229 -7.942 14.928 35 . 510 15 .835 14.928 29.435 0 
[-22 .5 5 7 -52 .190 15 .660] [-7r3 0 34.�ssl Experimental -52 . 190 -8.759 16.280 38.498 15 .660 16.280 31. 316 0 
The asymmetry parameter (17) was calculated according to Equation 2 .1 . The 
ab initio and experimental values of 1'/ were -0.0262 and -0.0525 respectively. According 
to this result we can conclude that the electric field gradient is almost cylindrical around 
the C--Cl bond in gauche-I C2FE. 
Table 3.4 shows a comparison of experimental NQCC terms and diagonalized 
matrix elements of 35Cl and 37Cl. 
8 1  












[-18 .281 -41 .036 14.980 -41 .036 -6.455 5 12 .150 14.980] [-58r4 0 28.Ll 12 . 150 29.763 24.737 0 
With this result, we can calculate the ratio between Xzz for 35Cl and 37Cl 
(Xzz0t35ci) for 1 C2FE. The experimental and literature 14 values for this ratio are 1 .255 XzzOf37ct 
and 1 .269, respectively, and the percentage error is about 1 %. This discrepancy may be 
due to higher uncertainty in the off-diagonal terms. For instance, the uncertainties of x ac 
because that assigned spectrum may not have some important transitions which are 
needed to determine x unambiguously. ac 
In the previous study, 1 1  only a few microwave transitions were used to determine 
the NQCC' s; however, the number of transitions was much higher in the present work. 
Table 3.5 shows a comparison of NQCC' s  (with their uncertainties) between the current 
and previous study for the parent species. 
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Table 3.5 :  A comparison of nuclear quadrupole coupling constants tensor of parent 
gauche-1C2FE of current work with previous workl l  (ND-not determined) 
Nuclear quadrupole coupling constants tensor Nuclear quadrupole coupling constants tensor 
of current work I MHz of previous work I MHz 
r-22 .557(3) -52 .2(4) 15 .7(1 .9) l r-22.65 (10) 51 (12) ND l -52.2 (4) -8.7592(11) 16.3 (5) 51 (12) -9.05 (8) ND 15 .7(1 .9) 16.3 (5) 3 1.3 165(11) ND ND 3 1.75 (1 1) 
The 1 3C isotopologues were not analyzed in the previous work, but in the current 
were assigned with 32 and 68 microwave transitions respectively. 
Another major difference between the current and previous study was utilizing a 
broadband MW spectrum from 6 to I 8 GHz region to obtain the results using a 
CP-FTMWS. Mukhtarov, et a/1 1  used a conventional direct absorbance microwave 
spectrometer to analyze gauche-I C2FE. Also they measured only a few (Q- and R-
branch) transitions, but in the present assignment it was possible to measure a much 
larger collection of P-, Q- and R-branch transitions. 
3.3.2 Molecular structure of gauche-1C2FE 
The final objective of this work was to determine the rs and r0 structural 
parameters of gauche-I C2FE. All the rotational constants of parent species and 
isotopologues were gathered and Kisiel ' s  KRA and EVAL programs9 were used to find 
the rs structural parameters of gauche-I C2FE according to Kraitchman's equations. 1 5  
Figure 3.3 shows the optimized structure of  gauche-I C2FE in the principal rotational 
axis system and the numbering system described below follows the same figure. 
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It was not possible to determine the complete rs structure of gauche-I C2FE, due 
to the lack of deuterated data and also the fact that F has no minor isotopes like Cl and C.  
However, Kraitchman's equations for single isotopic substitution were used to determine 
the absolute values of Cartesian coordinates of I C, 6C and 4Cl atoms. I 2DCE has similar 
mass distributions at the two ends of the molecule because of the presence of same 
-CH2Cl group at each end. Therefore the absolute values of the Cartesian coordinates of 
the atoms in the -CH2Cl group at one side is exactly the same as the other side in the 
principal axes system. Thus, Kraitchman coordinates of the atoms in the -CH2Cl group 
were enough to determine the coordinates of the entire molecule of I 2DCE. I C2FE does 
not show a symmetric mass distribution like I 2DCE, because one Cl atom is replaced 
with a F atom. Therefore I C2FE has a different principal axes system as well as different 
Cartesian coordinates. Thus the atoms I C  and 6C of gauche-I C2FE do not have the same 
absolute values. 
Table 3.6 summarizes the Kraitchman coordinates of I C, 6C and 4Cl atoms of 
gauche-I C2FE according to the numbering system explained in Figure 3.3 and 
comparison with ab initio results . The ab initio coordinates were consistent with 
Kraitchman' s  results.  
Table 3.6: A comparison of ab initio Cartesian coordinates with Kraitchman 
coordinates of gauche-I C2FE 
Atom I a I a I b I b I c I c 
(Kraitchman) (Ab (Kraitchman) (Ab (Kraitchman) (Ab 
I C  0.078(I 9) 0. 0 72 0.8944(I  7) -0. 8990 0.3 I I (5) 0. 3 1 6  
6C 1 .2002( 1 3) -1 . 2050 0.5 I 46(29) -0. 5204 0 .378(4) -0. 3 79 
4Cl l .3 9 1 0( I  I )  1 . 3930 0.258(6) 0. 256 0.049(30) -0. 054 
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The signs of the Kraitchman coordinates of 1 C, 6C and 4Cl required to build the 
structure of gauche-I C2FE were determined according to ab initio results . After that the 
EV AL program was used to determine two bond lengths ( 1  C-6C and I C-4Cl) and one 
bond angle ( 4Cl-I C-6C) of gauche-I C2FE. Table 3. 7 compares the current result with 
previous studies by Mukhtarov, et al. 12 The current work is consistent with previous 
work. 
Table 3. 7: The results of EV AL program for gauche-I C2FE and comparison with previous 
work 
(rs structural parameters) 
Connectivity of atoms Current work Mukhtarov' s work
1L 
Bond length I A Bond length I A 
1 C- 6C l .50 I ( I 7) I .530(3) 
I C-4Cl l .784( I 6) 1 .787(4) 
Connectivity of atoms Bond angle/ Degrees Bond angle I Degrees 
4Cl-I C-6C 1 1 1 .7(6) l i l . 1 (3) 
Finally some of r0 structural parameters of gauche-I C2FE were determined using 
Kisiel ' s  STRFIT program. Table 3.8 shows 6 important structural parameters which are 
required to uniquely define the molecular structure of gauche-I C2FE. 
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Table 3.8: The result of STRFIT program for gauche-1C2FE and comparison with 
rs structure (ND-Not determined) 
Connectivity STRFIT (ro) KRA and EV AL (rs) 
Bond length I A Bond length I A 
1 C-6C 1 .504(4) 1 .50 1 ( 1 7) 
1 C-4Cl 1 .785(4) 1 .784(1 6) 
6C-8F 1 .390(3) ND 
Connectivity Bond angle I degrees Bond angle I degrees 
4Cl-1 C-6C 1 1 1 .78( 1 7) 1 1 1 .7(6) 
8F-6C-1 C 1 1 0 .36( 1 6) ND 
Connectivity Dihedral angle I Degrees Dihedral angle I Degrees 
4Cl-1 C-6C-8F 67.98 ( 12) ND 
The parameters listed as ND in Table 3.8 could not be determined in the current 
study using Kraitchman' s  method. But it was possible to determine those parameters 
using STRFIT program. 10 As discussed in Chapter 1 .6, the rs structural parameters are 
determined by substituting the atoms of 1 C2FE with their isotopes and determining their 
coordinates in the principal axis system according to Kraitchman' s  equations. F does not 
contain any minor isotopes and therefore it is not possible to determine 6C-8F bond 
length, 8F-6C-1 C bond angle or 4Cl-1 C-6C-8F dihedral · angle using Kraitchman' s 
method. The STRFIT program is totally different than KRA program and it utilizes all 
the rotational constant data to determine moments of inertia of isotopologues. From 
moments of inertia, it calculates the structural parameters (Equation 1 .3, 1 . 11 ,  1 . 14 and 
1 .15) 
Figure 3.5 summarizes the rs and r0 structural parameters of gauche-I C2FE and 
a comparison with previous work. Current results agree with previous work12 and are also 




r, structure (previous work) 
r 0 structure 
Bond angle I degrees 
4CJ-1C�C 
1 1 1.6 
1 1 1 .7(6) 
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1 1 0. 1  
1 09.7(4) 
1 1 0.36(16) 
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Bond length I A 
lC�C 
1 .503 











Figure 3.5:  A comparison of the experimental results of To and Ts molecular parameters of 
gauche-1C2FE with ab initio results and with previous experimental work12 
3.4 Conclusion and future work 
Three rs structural parameters and six ro structural parameters of gauche-I C2FE 
could successfully be determined without the help of any deuterated data. Molecular 
parameters agreed well with previous work and are consistent with ab initio results. 
Rotational constants for deuterated species are required to determine the other 
structural parameters like C-H bond lengths and C-C-H bond angles and to determine 
the complete structure of gauche-I C2FE. However, this is only possible if we can 
synthesize deuterium enriched samples since they are not commercially available. Other 
group members are currently working to determine structures of discharged products of 
I C2FE and weakly bound complexes of I C2FE with rare gases like Ar. The frequency 
data from this chapter can be used to eliminate the peaks of known species (parent and 
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isotopologues) from the original microwave spectrum to help identify the very weak 
spectra of discharged products and other complexes formed from a sample containing 
1 C2FE. 
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CHAPTER 4 




2,3-Dichloro-1-propene (23DCP) is one of the chlorinated compounds used in 
the agricultural industry. 1 Dichloropropene compounds including 23DCP are commonly 
used as a soil fumigant before planting to kill nematodes in soil that eat roots of crops. 2 
The major issue of DCP' s  is contamination of ground and aquatic water systems; 
however, these compounds are volatile and can enter the atmosphere after use at 
agricultural areas. As with 1 2DCE and 1 C2FE (Chapter 2 and 3), since they contain Cl 
atoms, they may be cleaved by UV-radiation to yield chlorine radicals, which interfere 
with the catalytic cycle of ozone formation and destruction. DCP ' s  are widely used in the 
USA and reported in drinking water supplies . 3 •4 According to a 2008 United States 
Department of Health and Human Services report,5 1 ,3-dichloro-l-propene is quickly 
broken down in air, usually within several days and some of the 1 ,3-dichloro-1-propene 
in soil and water will evaporate into the air. The rest will be broken down through 
biodegradation pathways and hydrolysis.  That report further says that information is not 
available on what happens to 1 ,  1-, 1 ,2-, 2,3-, and 3 ,3-dichloro-1-propene when they 
enter the environment. 5 Based on their physical and chemical properties, 23DCP is 
expected to behave similarly to 1 ,3-dichloro-l-propene. 
According to the Indiana Clean Manufacturing Technology and Safe Materials 
Institute at Purdue University, the Indiana Relative Chemical Hazard (IRCH) 
environmental score value for 23DCP is 86.  This IRCH ranking system combines 
information about a chemical's toxicity to humans and ecosystems with information about 
chemical characteristics that influence the likelihood of exposure to a substance. 6 
Therefore 23DCP is ranked as one of the most hazardous compounds (worst 1 0%) to 
9 1  
ecosystems.  S ince 23DCP is an environmental pollutant it is very important to figure out 
the gas phase structure of this molecule in order to help understand its stability in the 
atmosphere. 
As with 1 2DCE and 1 C2FE, anti and gauche forms of 23DCP are the most stable 
structures out of an infinite number of conformers . The anti and gauche structures of 
23DCP are depicted in Figure 4.1 .  The anti conformer has a lower potential energy 
compared to the gauche form because of less steric interaction between two Cl atoms.  
However, not l ike the conformers of 1 2DCE, both anti and gauche conformers of 23DCP 
are polar. Thus both conformers should be detectable in microwave spectroscopy. The 
focus of Chapter 4 is to analyze and assign rotational transitions of anti and gauche 
forms to determine spectroscopic and molecular parameters of 23DCP and compare with 
1 2DCE and 1 C2FE since there are structural similarities as well as significant differences 
among these molecules. 
anti- 23DCP !Jtluche- 23DCP 
Figure 4. 1 :  Anti and gauche conformers of 23DCP 
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Like 1 2DCE, 23DCP also contains two Cl atoms. Therefore four chlorine 
isotopologues are available for 23DCP. 1 2CH2=
1 2C35Cl-1 2CH2
35Cl is the parent 
isotopologue and other structures are 
these 4 species can be predicted as 9 : 3 : 3 : 1 .  Figure 4.2 i l lustrates rotational spectra of 
chlorine isotopologues in the 9230-9520 MHz range. 
X : 96040  952 1 . 26i4 < - Cur�or Di�play range� - >  X :  1 0 7 9 6  
Y : -2 4 7 5 1 5 8 7 5  Y :  597 9322 99  
I Observed spectrum I 
9 3 0 0  
952 1 . 26380  
Figure 4.2 : The rotational spectrum of gauche-23DCP in the 9230-9520 MHz range 
(The strongest l ine in each experimental cluster is marked with an arrow) 
The intensity of 1 3C isotopologues will be weaker than the chlorine isotopologues. 
This is because of the relative abundance of 1 2C and 1 3C is about 99 : 1 .  
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Since both anti- and gauche-23DCP contain two Cl atoms, two additional 
quantum numbers (F1, F2) are required in addition to three angular momentum quantum 
numbers (J, Ka and Kc) to explain the rotational transitions with nuclear quadrupole 
splitting patterns shown in Figure 4.2. Figure 4.3 shows the equilibrium structures of 
anti and gauche conformers of 23DCP in the principal axis system. 
Figure 4.3 : The equilibriu m structure of anti- and gauche-23DCP in the principal 
axis system 
4.2 Experimental section 
4.2.1 Instru mental work 
The microwave spectrum of 23DCP was obtained usmg the chirped-pulse 
Fourier-transform microwave spectrometer (CP-FTMWS) located at Eastern Illinois 
University with one nozzle set perpendicular to the microwave propagation. 7 The 
experimental spectrum was scanned from 6 to 1 8  GHz and the result came from an 
average of 30,000 Fourier-transformed FID's .  Argon was used as the carrier gas at about 
2 .9 bar pressure and flowed over a sample of liquid 23DCP and the sample composition 
was about 1 % in the gaseous mixture which entered the vacuum chamber. The 23DCP 
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sample was chilled at ice temperature to reduce the vapor pressure in order to keep the 
sample composition about 1 %. 
4.2.2 Computational work 
Equilibrium structures of anti and gauche conformers of 23DCP were modeled 
and optimized at the MP2/6-3 1 1 ++G(2d,2p) level using the Gaussian 09 program8 to 
obtain the energy and the rotational constants, nuclear quadrupole coupling constants 
(NQCC' s) and dipole moment components of the minimum energy structures. The 
optimized energies of anti and gauche conformers were compared to determine the most 
stable form. 
4.2.3 Analytical work 
The SPCAT program9 was used to predict the rotational spectrum by using 
predicted rotational constants and nuclear quadrupole coupling constants obtained from 
Gaussian. Then the AABS package10 was used to view both experimental and predicted 
spectra. Figure 4.4 shows the observed and predicted spectra of gauche-23DCP with 
quadrupole splitting patterns. This predicted spectrum is for the parent isotopologue: 
i2CH2=12C3sCl-12CH2 
35Cl. 
In Figure 4.4, the quantum numbers at the higher rotational energy level 
(i .e. 2 1244) represents J, Ka, Kc, Fi and F2 respectively. The values of Fi and F2 quantum 
numbers here are actually � and 4. As explained in Chapter 1 .3, there are four possible 
Fi quantum numbers (F1 = � ,  � ,  � ,  �) when J = 2 and I =  3/2.  According to Equation 
1 .19 there will be another four possible quantum numbers for F2 (F2 = 5, 4, 3 ,  2) .  
Therefore Fi = 7 /2 and F2 = 4 quantum numbers, which have been used to describe this 
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energy level (2 1 244 ) are one possible combination of the set of F1 and F2 quantum 
numbers . In AABS and SPF IT /SPCA T programs, 9' 1 0 they are represented as integers 
(F1 = 4 and F2 = 4) for convemence by adding Yi to the F1 quantum number 
7 1 
(where F1 = - + - = 4). 2 2 
. ._. .. 
X :  95627 I 9508 . 342 1  1<- Cur�or 
Y :  4 92 8 1 9 4 8  • _ 
I Observed spectrum I 
Di�play range� -> X :  930 
Y :  597932299 
9510 
dt�etCOLOURS noLSTrLES 
Figure 4.4 : Experimental and predicted microwave spectra of gauche-23DCP in the 
9489-95 1 8  MHz range 
The SPFIT program9 was used to fit this microwave transition. This process was 
then repeated by identifying as many peak patterns as possible in the broadband spectrum 
to assign and fit the microwave transitions for the parent isotopologue of gauche-23DCP. 
Finally, the SPFIT program resulted in the experimental rotational constants, nuclear 
quadrupole coupling constants and quartic centrifugal distortion constants . The rotational 
constants of 37Cl substituted isotopologues were then predicted using Equation 1 .2 1 .  
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After that SPCAT and SPFIT programs were collectively used to predict and fit spectra 
using the AABS package to determine experimental rotational constants, nuclear 
quadrupole coupling constants and quartic centrifugal distortion constants of 37 Cl 
isotopologues. 
All of the rotational constant data were gathered and Kisiel ' s KRA, EV AL and 
STRFIT programs1 1 • 12  were used to determine the rs and r0 structural parameters of 
gauche-23DCP. 
The same procedure described above was followed to find microwave transitions 
of anti-23DCP. Microwave transitions of parent anti-23DCP were seen in the original 
broadband spectrum obtained from CP-FTMWS. Some transitions for the other Cl 
isotopologues of anti-23DCP were also seen, however it was not possible to find enough 
transitions to confirm a proper microwave assignment. Therefore additional transitions 
were measured for anti-23DCP using the Balle-Flygare type13  resonant cavity 
Fourier-transform microwave spectrometer located at Eastern Illinois University with 
one nozzle set perpendicular to the microwave propagation. 14• 1 5 • 1 6  The experimental 
spectra were collected as a result of 3000-5000 averaged Fourier-transforms (depending 
on the intensity of each specific transition) . Argon was used as the carrier gas at about 2.0 
bar pressure and flowed over a sample of ice-cooled liquid 23DCP as described earlier 
for the CP-FTMW measurements. 
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4.3 Results and discussion 
4.3.1 Spectroscopic constants of gauche-23DCP 
Table 4.1 shows the ab initio results of anti and gauche forms of 23DCP. The 
anti-23DCP has Cs symmetry and should have "a" dipole moment component (µ ) .  The a 
µ value of anti-23DCP is predicted to be 0.3  D. According to experimental results the a 
magnitude of µ was enough to show a spectrum for anti-23DCP with measurable a 
intensity patterns where the intensity is proportional to the square of the dipole moment 
�). The gauche conformer of 23DCP has large dipole moment components. Therefore 
the experimental microwave spectrum which was obtained from CPFTMWS mainly 
contained strong transitions for the parent species and other isotopologues of 
gauche-23DCP as well as weak transitions of anti-23DCP and its isotopologues. Since 
the gauche-23DCP has a large "b " dipole moment component (µb) ,  it shows strong 
"b type" rotational transitions and weaker a- and c-type transitions. Anti-23DCP shows 
an "a type" rotational spectrum. 
The optimized energies of anti-23DCP and gauche-23DCP were 
-1 035 .72889676390 Eh and -1035 .72850456220 Eh, respectively. The optimized energy 
is more negative for the anti structure and therefore it is the most stable form. The energy 
separation (/J.E) of the gauche conformer with respect to the anti conformer was about 
86 cm-1 ( 1 .0 kJ mor1) .  This is the smallest energy separation between anti and gauche 
conformers when compared with M values for 12DCE (508 cm-1) and 1C2FE (240 cm-1). 
Table 4.2 shows the ab initio and experimental results of parent species and 37 Cl 
isotopologues of gauche-23DCP. Ab initio values were consistent with the experimental 
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rotational constants of all the isotopologues including the parent species. A table of all 
fitted transition frequencies may be found in Appendix 3 .  
The Ray's asymmetry parameter (K) for the parent species of  gauche-23DCP is 
-0.7 1  and therefore it can be concluded that gauche-23DCP is much farther from the 
prolate limit than gauche-l 2DCE and gauche-l C2FE. 
Table 4.1 : Ab initio results of anti- and gauche-23DCP 
Spectroscopic parameter Anti Gauche 
Rotational constants I MHz 
A 8337.0 4804. 1 
B 1493 .3  2009.9  
c 1 276.4 1 549.7 
Dipole moment I D 
µa 0.3 0 .6  
µb 0.0 2 . 1 
µc 0.0 0 .9 
Coupling constants I MHz 8Cl8 9Cl8 8Cla 9Cla 
3!2x aa -77. 1 -88 .0  20.0 -22.4 
114(.xbb -x) -2 .6  -3 .2 - 1 8 .9  2 .3  
Xab -36 .2 -32.4 42.5  -34.4 
Xac - - 0 .3  -39 .7  
Xbc - - -5 . 5  -28 .2 
M/cm-1 0 86 
a numbering of  atoms follows Figure 4.3. 
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Table 4.2 : Ab initio and experimental results of parent and different isotopologues of 





















Number of fitted 
transitions 
L1v / kHz 
rms 
K 
' "'CH2='"C" Cl-1"CH2"Cl 
4804. 1 
4825 .775 8 1 ( 1 8) 
2009. 9 
2027.99973( 1 6) 
1549. 7 
1 559. 1 5 872( 1 6) 
83sClb 93sc1b 
20. 0 -22. 4 
23 .542(3) -23 .256(3) 
-18. 9  2. 3 
-20.5267(8) 2.2752( 1 1 )  
42. 5 -34. 4 
43 .68(8) -36.79(1 1 ) 
0. 3 -39. 7 
0.47( 1 5) -4 1 .80( 1 0) 
-5. 5 -28.2 








-0.7 1  
1 "CH2='"C, 'Cl-1'CH2"Cl "CH2="C"Cl-"CH2j I CI 
4 752. 6" 4815. 5" 
4750.4436(9) 48 1 5 .8872(3) 
1995. 0" 1 9 72. 0" 
1 995 .61 09(9) 1 97 1 .5434(3) 
1 532. 0" 1 525. 5" 
1 532. 1 507(7) 1 525 .407 1 2(27) 
831Clb 935Clb 83sClb 937Clb 
1 4. 1  -20. 8 21 . 1  -18. 7 
1 6.703(7) -2 1 .274(7) 24.377(5) - 1 9.2 1 8(6) 
-14. 8  2. 0 -19. 3  1 . 8  
- 1 5 . 8662(1 7) 1 .9546(24) -20.6683( 1 2) 1 .789 1 (20) 
34. 6 -35.2 42. 5 -2 7. 3 
35 .52( 1 8) -37. 1 9(22) 43 .35(6) -28.93(9) 
0. 3 -39. 6 0. 2 -31 . 7 
0. 1 5(28) -4 1 .60(2 1 )  0. 1 2(22) -33.39( 1 4) 
-4. 4 -29.2 -5. 6 -22. 1 
-3.8(4) -30.73(26) -4.7(5) -22.89(26) 
0. 842(20) 0.789(6) 
2.022(1 3) 2.546(29) 
-0.384(Fixed) -0.38(7) 
0.277(1 8) 0.237(7) 
2.9(3) 3 .3 1 (7) 
1 34 1 95 
6.0 6.0 
-0 .71  -0.73 
• The ab initio rotational constants of isotopologues were scaled according to Equation 1 .21 .  
b Numbering o f  atoms follows Figure 4.3 . 
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One of the objectives of this study was to determine the NQCC's  of Cl atoms in 
the principal axis system for the parent species and other isotopologues of 
gauche-23DCP. The two Cl atoms of all the species are in different chemical 
environments and therefore for each isotopologue, a different set of 5 coupling constants 
was obtained for each Cl atom. All the NQCC' s  were well determined with a very low 
uncertainty except the x term of 8Cl atom. The ab initio value of x term is very small oc oc 
when compared with the other NQCC' s. This could be a reason it has a large uncertainty. 
However the ab initio values were consistent with experimental results of NQCC' s. The 
NQCC tensors were used to determine the diagonalized NQCC matrices of both Cl atoms 
(8Cl and 9Cl) of parent gauche-23DCP as shown in Table 4.3 . Wolfram Mathematica 
9.0 was used to obtain the diagonalized matrix. 1 7  
Table 4.3 :  Experimental NQCC tensor and the diagonalized matrix of  two Cl atoms 
of the parent gauche-23DCP 




SCI = 43.6S 
0.47 
[-15 .504 





43.6S 0.47 l 





Diagonalized matrix I MHz 
0 rr Xxx x�l 
[-71 .1S91 
SCI = 0 
0 
[-74.S794 

















The Xxx' XY.Y and xzz values in the diagonalized matrix were used to determine the 
asymmetry parameter (17) according to Equation 2.1 . The experimental 17 values for the 
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8Cl and 9Cl atoms of parent gauche-23DCP were -0.0897 and -0.0226 respectively. 
Therefore the charge distribution around 8Cl-4C bond is less cylindrical than 9Cl-1 C 
bond. The two C-Cl bonds are not exactly same due to different hybridization of 4C and 
1 C atoms. And also 8Cl-4C bond has a double bond nature due to resonance structures. 
These reasons make the, two C-Cl bonds to have different asymmetry parameters. 
analyzed in the current work, because the peak intensities were extremely small. Only a 
ti · · · th ·gh b 12CH 13C35Cl 12CH 35Cl b 
· 
ew microwave transitions were seen at mi t e . 2= - 2 , ut it was 
not enough to assign a spectrum. 
4.3.2 Spectroscopic constants of anti-23DCP 
Table 4.4 shows the ab initio and experimental results of parent species and 37 Cl 
isotopologues of anti-23DCP. The experimental rotational constants of all the 
isotopologues including the parent species were consistent with ab initio values and were 
determined with a very low degree of uncertainty. 
Since anti-23DCP mainly has an "a" dipole moment component (/-la) and it shows 
an "a type" microwave spectrum, it is difficult to determine the A rotational constant very 
precisely because "a type" spectra depend mainly upon B and C rotational constants. That 
is why the uncertainty of A rotational constants in Table 4.4 are high when compared 
with B and C rotational constants. Only one quartic centrifugal distortion constant (LI ) J 
was fitted. 
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Table 4.4 :  Ab initio and experimental results of parent and different isotopologues of 















Number of fitted 
transitions 




833 7. 0  
8289.58( 10) 
1493. 3 
1 504.7 1295(24) 
12 76. 4 
1283 .65307(24) 
8Clb 9Clb 
- 77. 1  -88. 0 
- -
80.977(30) 9 1 .947(29) 
-2. 6 -3.2 
-2 .863( 13)  -3 .5 1 0( 17) 
-36.2  -32. 4 
-39 .3(4) -35 . 1 (4) 








8258. 6"" 8285. r 
8258 . 1 5( 1 6) 8285 .66(24) 
1466. lf 1463. 'l"' 
1 466.692 1 ( 4) 1463 .400 1 ( 4) 
1255.2a 1253.5a 
1255 . 1 6 1 04(26) 1 253 .3706(4) 
8Clb 9Clb 8Clb 9Clb 
-61 .2  -89. 4 -83. 7 -69. 8 
-64.25(4) -92.44(4) -80.76(6) -72 .27(5) 
-2. 6 -3.2 -2. 7 -2. 6 
- - - -
2 . 1 97( 13)  3 .404( 1 5) 2.902(29) 2 .788(24) 
-28. 5 -32. 3 -36. 7 -25. 9 
-29 .6(6) -34 .8(4) -38 .5 (4) -27.3(5) 
0 . 1 07(6) 0 . 1 60( 1 1 )  
6 1  47 
2 .7 3 .3 
-0.94 -0.94 
a The ab initio rotational constants of isotopologues were scaled according to Equation 1 .21 .  
b Numbering of  atoms follows Figure 4.3 . 
The Ray' s asymmetry parameter (K) of the parent species and isotopologues were 
-0.94 and therefore it can be concluded that anti-23DCP is a near prolate top molecule. 
And also the anti conformer is much closer to the prolate limit when compared with the K 
of gauche-23DCP. 
It was possible to determine all the NQCC' s  for the parent species and 
isotopologues. Since anti-23DCP shows Cs symmetry, the off-diagonal terms, x and xb ac c 
are zero for all of these species, but the NQCC' s  of two Cl atoms are different since the 
103 
Cl atoms are in different chemical environments. Therefore for each isotopologue, a 
different set of 3 coupling constants was obtained for each Cl atom. The NQCC elements 
were used to determine the diagonalized matrices of the two Cl atoms of the parent 
anti-23DCP isotopologue as shown in Table 4.5. 1 7  
Table 4.5 : Experimental NQCC tensor and the diagonalized matrix of  two Cl atoms 
of the parent anti-23DCP 
(The numbers written in front of the Cl atoms follow the same numbering system given in 
Figure 4.3) 
NQCC tensor I MHz [Xaa Xab Xacl 
Xba Xbb Xbc 
Xca Xcb Xcc 
[-53.985 -39.3 0 l 
8Cl = -3
0
9.3 21 .267 0 
0 32.718 
[-61.298 -35 .1 0 l 
9Cl = -3
0
5 .1 23.629 0 
0 37.669 
Diagonalized matrix I MHz [Xzz 0 0 l 
0 Xxx 0 
0 0 Xyy 
[-70.7668 0 0 l 
8Cl = 0 38.0488 0 
0 0 32 .718 
[-73.9268 0 0 l 
9Cl = 0 37.669 0 
0 0 36.2578 
The asymmetry parameter ('I'/) was calculated for the 8Cl and 9Cl atoms of parent 
anti-23DCP and the experimental 'ff values were -0.0753 and -0.0 1 90 respectively. The 
diagonalized terms of anti-23DCP are very similar to the diagonalized NQCC' s  of 
gauche-23DCP and therefore asymmetry parameters are also almost the same. 
4.3.3 Molecular structures of anti- and gauche-23DCP 
The final objective of this project was to determine the rs structural parameters of 
anti- and gauche-23DCP. The rotational constants of parent species and isotopologues 
were gathered and Kisiel' s KRA and EVAL programs were used to find the absolute 
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values of Cartesian coordinates of 8Cl and 9Cl atoms of anti- and gauche-23DCP using 
Kraitchman's equations. 1 8  
It was not possible to determine the complete r s  structures of anti- and 
gauche-23DCP conformers due to lack of 1 3C and deuterated data. The signs of the 
Cartesian coordinates of two Cl atoms were determined according to the signs given in 
the ab initio calculations. 
Table 4.6 summarizes the Kraitchman coordinates of 8Cl and 9Cl atoms of 
anti- and gauche-23DCP and compares with ab initio results.  The ab initio coordinates 
were consistent with Kraitchman's  results. 
Table 4.6: A comparison of ab initio Cartesian coordinates with Kraitchman 
coordinates of anti- and gauche-23DCP 
(The numbers written in front of the Cl atoms follow the same numbering system given 
in Figure 4.3) 
Atom l a I a l b l b I c I c 
(Kraitchman' s) (Ab (Kraitchman' s) (Ab (Kraitchman' s) (Ab 
anti 
8Cl 2 .0 1 59(7) -2. 118  0 .349(4) -0. 344 0 .02(7) 0. 000 
9Cl 2 . 1 986(7) 2. 207 0 . 1 25 ( 12) -0. 131 0 .02(7) 0. 000 
gauche 8Cl 1 .4284( 1 1 )  
-1. 455 0.9342( 1 6) 0. 924 0 .05(3) 0. 005 
9Cl 1 . 8942(8) 1 . 903 0.259(6) 0. 265 0.2 1 7(7) 0. 222 
The uncertainties of c coordinates of the anti conformer are very high when 
compared with a and b coordinates. Because of the plane of symmetry of anti-23DCP the 
c coordinate should be zero and therefore it is very difficult to determine it with a good 
precision. 
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Finally the EVAL program was used to determine the Cl-Cl distance between 8Cl 
and 9Cl atoms of both anti- and gauche-23DCP. Table 4.7 shows a summary of this 
parameter. 
Ab initio results are consistent with experimental values. 
Table 4.7: The results of EVAL program for both anti- and gauche-23DCP and 
comparison with ab initio result 
Connectivity of atoms Current work Ab initio 
Distance I A Distance I A 
8Cl-9Cl (gauche) 3 .40 1 (3)  3 .429 
8Cl-9Cl (anti) 4 .3 1 0( 1 )  4 .330  
4.4 Conclusion and future work 
The rotational spectra for both anti- and gauche-23DCP were successfully 
assigned in the 6-1 8 GHz range. No one has previously studied 23DCP using rotational 
spectroscopy and this is the first microwave spectrum assignment for 23DCP.  The most 
interesting outcome was being able to detect the anti conformer of 23DCP although it has 
a very small dipole moment component. The rotational constants of parent species and 
isotopologues of both anti and gauche conformers were gathered to determine the 
Kraitchman coordinates successfully. Rotational constants of 1 3C and deuterated 
isotopologues are required to determine the complete structure of anti- and 
gauche-23DCP. 
Other group members are working to determine the possible structures of 
discharged products of 23DCP, like carbocations, given in Figure 4.5. These chloronium 
ions are important intermediates in organic chemistry. 
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Figure 4.5 : A possible discharged product of 23DCP 
Therefore it is possible to use the frequency data from this chapter to eliminate the 
transitions of known species (parent and isotopologues) from the discharged spectrum to 
help identify the very weak spectra of discharged products and other weakly bound 
complexes of 23DCP with rare gases l ike Ar. 
4.5 References 
1 Agency for Toxic Substances and Disease Registry, Division of Toxicology and Human 
Health Sciences, CAS # 26952-23-8,  http ://www .atsdr.cdc.gov/toxfaqs/tfacts40.pdf, 
accessed 2/28/2016.  
2 Guo, M. ; Papiernik, S .  K. ;  Zheng, W. ;  Yates, S .  R. J Environ. Qual. 2004, 33,  6 1 2 . 
3 http ://www .aquilogic.com/PDF/DBCP%20Brochure.pdf, accessed 2/28/2016.  
4 Parsons, D.  W. ;  Witt, J . M. Pesticides in Ground Water in the United State of America, 
Oregon State Univ. Ext. Service, Corvallis, OR, August 1989. 
5 Ashizawa, A. ; Wilbur, S . ;  Hicks H . ;  Klotzbach, J .  M . ;  Plewak, D. J .  Toxicological 
Profile for Dichloropropenes, United States Department of Health and Human Services, 




detail.tcl?edf_substance_id=78-88-6&short _list_name=irch_ eco, accessed 3/4/2016.  
7 Obenchain, D .  A. ; Elliott, A. A.;  Steber, A. L. ; Peebles, R. A. ; Peebles, S .  A. ; Wurrey, 
C. J . ;  Guirgis, G. A. J. Mo/. Spectrosc. 2010, 26 1 ,  35 .  
8 Gaussian 09, Revision C.0 1 ,  M.  J .  Frisch, G. W.  Trucks, H. B .  Schlegel, G. E.  Scuseria, 
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B .  Mennucci, G. A. Petersson, H.  
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.  Izmaylov, J.  Bloino, G. Zheng, J.  L. 
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J .  Hasegawa, M. Ishida, T. 
Nakajima, Y. Honda, 0. Kitao, H. Nakai, T. Vreven, J.  A. Montgomery, Jr. , J. E. Peralta, 
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T.  
Keith, R. Kobayashi, J .  Normand, K. Raghavachari, A. Rendell, J . C .  Burant, S . S .  
Iyengar, J. Tomasi, M. Cossi, N. Rega, J . M. Millam, M.  Klene, J . E. Knox, J. B .  Cross, 
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, 0. Yazyev, A. J. 
Austin, R. Cammi, C. Pomelli, J .  W. Ochterski, R. L. Martin, K. Morokuma, V. G. 
Zakrzewski, G. A. Voth, P.  Salvador, J .  J .  Dannenberg, S .  Dapprich, A. D .  Daniels, 0. 
Farkas, J . B .  Foresman, J.  V. Ortiz, J .  Cioslowski, and D .  J .  Fox, Gaussian, Inc. ,  
Wallingford CT. 2010. 
9 Pickett, H.  M. J. Mo/. Spectrosc. 1991 ,  1 48,  37 1 . 
1 0 Kisiel, Z . ;  Pszczolkowski, L. ;  Medvedev, I. R. ; Winnewisser, M. ;  De Lucia, F. C. ;  
Herbst, E. J. Mo/. Spectrosc. 2005, 233 ,  23 1 .  
1 1  Kisiel, Z. J. Mo/. Spectrosc. 2003, 2 1 8 , 58 .  
1 2 Z.  Kisiel, Kraitchman coordinates and propagated errors in parameters calculated using 
the KRA and EV AL code, PROSPE-Programs for Rotational Spectroscopy; 
http ://info.ifpan.edu.pl/�kisiel/prospe.htm, accessed 2/17 /2016.  
1 3 Balle, T. J . ;  Flygare, W. H. Rev. Sci. Instrum. 1981,  52, 3 3 .  
14 Grabow, J .-U. Ph.D. Thesis, University o f  Kiel, 1992 . 
1 5 Hillig, K. W. ;  Matos, J . ;  Scioly, A. ; Kuczkowski, R. L. Chem. Phys. Lett. 1987, 1 33 ,  
359  and references therein. 
1 6  Newby, J. J . ;  Serafin, M. M. ;  Peebles, R. A. ; Peebles, S .  A. Phys. Chem. Chem. Phys. 
2005, 7, 487.  
1 7 Wolfram Mathematica 9 .0 . 1 .0, Wolfram Research, Inc. Champaign, IL, 1988-2013. 
1 8 Kraitchman, J. Am. J. Phys. 1953, 2 1 ,  1 7 . 
108 
CHAPTER S 
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5.1 Structural comparison among three molecules 
So far, the FTMW spectroscopy of 1 2DCE, 1 C2FE and 23DCP has been 
discussed in detail in the previous chapters of this thesis.  All the experimental results 
were used to determine the substitution (rs) and vibrational ground state (ro) structural 
parameters of these three molecules and compared with ab initio and previous 
experimental results. 1 ,2 The focus of this section is to discuss trends in how bonds to 
halogen atoms, affected by the electronic and chemical environment, change rs structural 
parameters such as bond lengths, bond angles and dihedral angles. Table 5.1 compares 
some structural parameters of 1 2DCE, 1 C2FE and 23DCP. 
Table 5.1 :  The r0 structural parameters of 12DCE, 1C2FE and 23DCP 
(The values given in italic are ab initio results and others are experimental values) 
Parameter 1 2DCE 1 C2FE 23DCP 23DCP (i!auche) (i!auche) (i!auche) (anti) 
1 C--6Cb I A 
1 . 507  1 . 503 
1 .507(8) 1 . 504(4) 
- -
1 C-4Clb I A 
1 . 792 1 . 793 
1 .785(3) 1 .785(4) 
- -
4Cl-1 C--6Cb I degrees 
112. 1 111 . 6 
1 1 2 . 1 7(6) 1 1 1 .78( 1 7) 
- -
4Cl-1 C--6C--6Cl (-8F)b I degrees 
67. 1 67. 8  
67.5(3)  67.98 ( 12) 
- -
4Cl-8Clb I A 
3. 406a 3. 429a 4. 330a 
3 .39 1 (2) 
-
3 .40 1 (3) 4.3 1 0( 1 )  
a These are the rs parameters o f  4Cl-8Cl distance. F does not have isotopes to determine the rs parameter of 
4Cl-8F distance. 
b Numbering of atoms follows Figure 5.1 .  
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Figure 5.1 shows the equil ibrium structures of gauche conformers of 1 2DCE, 1 C2FE and 
23DCP in the principal axis system and the numbers written in front of atoms in Table 
5.1 follow the same figure. 
gauche-12DCE gauche-1C2FE gauche-23DCP 
Figure 5.1 :  Optimized structures of gauche conformers of 12DCE, 1 C2FE and 23DCP 
The only difference between 1 2DCE and 1 C2FE is replacement of one Cl atom 
with a F atom. According to experimental results, the 1 C-6C bond length of 1 2DCE is 
slightly greater than the 1 C-6C bond length of 1 C2FE, but 1 C-4Cl distance is the same. 
Therefore we can conclude that the replacement of Cl with a F has slightly changed the 
C-C bond length, but not the C-Cl bond length. The ab initio results also guides us in 
understanding this slight change and show the same trend. For instance, the ab initio 
difference of 1 C-6C bond between 1 2DCE and 1 C2FE is 0.004 A and the experimental 
difference is 0.003 A. Even though the experimental difference is smaller than the 
reported uncertainties, it is almost the same as the ab initio difference. Therefore the final 
conclusion is, although these differences are small, they are real and significant and give 
useful insight into chemical bonding. 
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The 4Cl-1 C-6C bond angle of 1 C2FE is slightly smaller than 1 2DCE. Fluorine is 
smaller than chlorine and therefore the 4Cl atom of 1 C2FE in 1 C-4Cl bond has less steric 
effect from the 8F atom when compared with the 8Cl atom in 1 2DCE. This could be the 
reason for this change. 
All the experimental results are consistent with ab initio values. This gives us a 
message about how accurate the ab initio calculations are that were used to optimize the 
structures. The ab initio calculations only guided us but gave good predictions to end up 
with accurate experimental results with very low degree of uncertainties. Therefore the 
MP2/6-3 1 1 ++G(2d,2p) quantum mechanical model would be a good choice to obtain 
equilibrium structures for species containing Cl atoms, and particularly for comparing 
differences between related species. 
We did not have experimental rotational constants for 1 3C isotopologues of 
23DCP. The experimental results for 35Cl/37Cl isotopologues determined only the 
Cartesian coordinates of two Cl atoms in both the gauche and anti conformers of 23DCP.  
The distances between the Cl  atoms of gauche-l 2DCE and gauche-23DCP were 
3 .39 1 (2) A and 3 .40 1 (3) A, respectively. This result is interesting because these two 
molecules have completely different hybridization of the C atoms to which Cl atoms have 
been attached. The 23DCP molecule is resonance stabilized as shown in Figure 5.2 . 
.. 
Figure 5.2 : Resonance structures of 23DCP 
112 
According to these resonance structures we would expect a double bond character 
in the middle C-Cl bond (6C-8Cl) . Therefore 6C-8Cl bond is shorter than expected. This 
might also affect the Cl-Cl distance ( 4Cl-8Cl) since a shorter 6C-8Cl distance makes the 
4Cl-8Cl distance to reduce. 
The distance between Cl atoms (4Cl-8Cl) of 23DCP is slightly greater than 
1 2DCE. In 23DCP structure shown in Figure 5.1 ,  the Cl atom (4Cl) which is attached to 
the C atom at the end ( I C) has a steric effect from the Cl atom in the middle (8Cl) . The 
2H atom of -CH2Cl group has a steric effect from the 7H of =CH2 group which is at the 
other end. To minimize both of these steric hindrances the two Cl atoms will stay as far 
apart as possible in the equilibrium structure of 23DCP. 
However, despite the difference in hybridization the distances are surprisingly 
similar. The ab initio results are again consistent with experimental results.  
Jahn, et az3 have recently studied the gauche-succinonitrile (CH2CN-CH2CN) 
molecule using microwave spectroscopy and some important results are summarized in 
Table 5.2. 
Table 5.2 : Structural p arameters of gauche conformers of 12DCE, 1C2FE and 
Succinonitrile 
Parameter 1 2DCE 1 C2FE Succinonitrile (gauche) (gauche) (gauche) 
C-C / A  1 .507(8) 1 .504(4) 1 .530(5) 
C-Cl/CN I A 1 .785(3) 1 . 785(4) 1 .456( 1 3) 
C-C-Cl/CN I degrees 1 1 2 . 1 7(6) 1 1 1 .78( 1 7) 1 1 2 .6(1 .0) 
Cl/CN-C-C-Cl/CN/F I degrees 67.5(3) 67.98( 1 2) 65 .9(2 .3) 
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There are two cyano groups in succinonitrile, instead of the two Cl atoms in 
1 2DCE and F and Cl atoms in 1 C2FE. This is the only difference among these molecules. 
The C-C bond distance of succinonitrile is longer than the C-C bond distance of 1 2DCE 
and 1 C2FE. The C-Cl length is longer in 1 2DCE and 1 C2FE than C-CN bond because 
Cl is bigger than the C atom of CN group. The Cl-C-C-Cl/F dihedral angles of 1 2DCE 
and 1 C2FE are greater than the similar dihedral angle of succinonitrile molecule. Two 
cyano groups make less steric effect as they are smaller than Cl atoms. Thus we can 
clearly see the substituent effect. 
5.2 Townes-Dailey analysis 
As discussed previously, FTMW spectroscopy is a useful tool to understand 
rotational hyperfine structures of molecules which contain quadrupolar nuclei . It was able 
to experimentally determine most of the NQCC' s, especially the off diagonal constants, 
for the first time, for parent species as well as for isotopologues. These NQCC' s  were 
obtained in the principal axis system (a, b and c) of the molecule. In order to discuss 
more chemistry behind these NQCC' s, it is important to transform them to the chlorine 
coordinate system (x, y and z) as shown in Figure 5.3. This transformation is known as 
the diagonalization and we use NQCC' s  Cxaa• Xbb• Xw Xab • Xac and Xbc) obtained in 
previous chapters (Tables 2.3, 3.3 and 4.3) to obtain the diagonalized matrix with 
Xzz, Xxx and Xyy nuclear quadrupole coupling constants in the principal coordinate 
system of Cl atom. We used Mathematica program 4 to perform this matrix 
transformation. These diagonalized terms help to understand the electronic structure of 
the molecule thereby determining the charge distribution around the Cl atom. The 
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asymmetry parameter given m Equation 2.1 , shows how to determine whether the 
electric charge distribution around the C-Cl bond is cylindrical or not. 
Figure 5.3 : Diagonalization of NQQC's of gauche-1C2FE 
In 1 949, Townes and Dailey published a paper explaining how the electronic 
structure of small molecules could be determined from experimental nuclear quadrupole 
coupling constants . 5 One of the main uses of the Townes-Dailey model is to estimate the 
ionic character of diatomic molecules from the diagonalized nuclear quadrupolar 
coupling constants . 6 In this model only valence p electrons of the atom of interest 
(Cl in this study) are considered because core electrons consist of filled shells and 
therefore core shells  are spherically symmetrical . Thus core shel l electrons do not 
produce an electric field gradient at the nucleus of the atom and hence do not contribute 
to the NQCC ' s . 
The following discussion is based on the extended Townes-Dailey analysis of the 
nuclear quadrupole coupling tensors of Cl atoms as explained by Stewart E. Novick. 7 The 
populations of 3p electrons (na, nb and nc) of the three p orbitals of the Cl atom in the 
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principal axis system of the Cl nucleus can be related to the diagonalized matrix as shown 
in Equation 5 .1 .  
rx, 0 0 n· 0 0 1 0 - n O 0 Xxx X,J - a o - -xo 2 0 1 0 - -xo 2 
Equation 5.1 
+ n,nx, 0 Xo 
0 
0 1 r- �x, 0 + nc 1 0 - z-xo 0 0 0 1 - z-xo 0 0 Xo 
where Xzz, Xxx and Xyy are diagonalized tensor elements as explained in the previous 
chapters and Xo is the nuclear quadrupole coupling constant due to one 3pz electron in 
atomic chlorine. The value of Xo is 1 09 .74 MHz and was measured by an atomic beam 
magnetic resonance experiment by King and Jaccarino. 8 Only two diagonalized nuclear 
quadrupole coupling constants given in Equation 5.1 are independent since the sum of 
the diagonal terms is zero as shown in Equation 5.2 . 
Xxx + Xyy + Xzz = 0 Equation 5.  2 
According to quantum mechanics (Pauli principle), all three p--orbital populations 
must be less than or equal to 2 . 7 Therefore we assume that the populations of 
non bonding p orbitals (nb and nc) are close to 2. If we consider na to be the population of 
the bonding p orbital and assume nb equals 2 .0,  then it is possible to solve Equation 5.1 
for na and nc using Wolfram Mathematica 9 .0 .4 
Table 5.3 shows a summary of the diagonalized nuclear quadrupole coupling 
constants, asymmetry parameter and percent ionic characters for the normal 
isotopologues of 1 2DCE, 1 C2FE and 23DCP. 
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Table 5.3 : A summary of the diagonalized NQCC's, asymmetry parameter and percent 
ionic character of anti and gauche conformers of 12DCE, 1 C2FE and 23DCP 
Molecule Xzz I Xxx I Xyy I T/ Population 
MHz MHz MHz (11, = 2.00) 
gauche-l 2DCE -73 .625 3 7.685 35 .945 -0.0236 n
a 
= 1 .32,  nc = 1 .99 
gauche-I C2FE -73 . 1 53 38 .498 34.655 -0.0525 n
a 
= 1 .32,  nc = 1 .98 
gauche-23DCP -7 1 . 1 89 38 .589 32 .600 -0.084 1 n
a 
= 1 .3 3 ,  nc = 1 .96 
(for 8Cla) 
gauche-23DCP -74 .879 3 8 .302 36 .578 -0.0230 n
a 
= 1 .3 1 ,  nc = 1 .99 
(for 9Cla) 
anti-23DCP -70.767 3 8 .049 32 .7 1 8  -0.0753 n
a 
= 1 .34, nc = 1 .97 
(for 8Clb) 
anti-23DCP -73 .927 37.669 36 .258 -0.0 1 9 1  n
a 
= 1 .32, nc = 1 .99 
(for 9Clb) 
a Numbering of atoms follows the structure of gauche-23DCP given in Figure 5.1.  
b Numbering of atoms follows the structure of anti-23DCP given in Figure 4.3. 
% Ionic 
character 




3 1 %  
3 1 %  
5.2.1 Calculation of percentage ionic character for the C-Cl bond of parent 12DCE, 
1C2FE and 23DCP 
The diagonalized tensor elements given in Table 5.3 for the parent isotopologues 
of anti and gauche conformers of 1 2DCE, 1 C2FE and 23DCP were plugged in Equation 
5.1 to calculate na and nc for the C-Cl bond. It was assumed that nh = 2 .00 before the 
calculation was performed. 
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The experimental results of n0 and nc are 1 . 32 and 1 .99, respectively, for 
gauche-l 2DCE. These numbers give a total p orbital population of chlorine of 5 .3 1 
electrons (na + nb + nc) . Assuming a totally covalent behavior, the total population would 
be 5 .00 for the Cl atom and for a totally ionic behavior it would be 6 .00 for CL Thus 5 . 3 1 
of total p electrons implies that it has a 3 1  % ionic character in the C-Cl bond of 
gauche-1 2DCE. 
For gauche-I C2FE, the experimental results of n0 and nc are 1 .32  and 1 .98 
respectively. Therefore the total p orbital population of the Cl atom is  5 .30 .  This implies 
that it has a 30% ionic character in the C-Cl bond of gauche-1 C2FE. This result is 
almost the same as the ionic character of C-Cl bond of I 2DCE. 
There are two different Cl atoms in a 23DCP molecule due to different chemical 
environments at I C  and 6C. Therefore there are different NQCC's for the two Cl atoms 
as shown in Table 5.3 . 
The two C-CI bonds are the same in 1 2DCE and therefore the ionic character 
should be the same for both C-Cl bonds (3 1 %) . The two C-Cl bonds are not exactly the 
same in 23DCP because the s character of sp2 and sp3 C atoms are different (6C and I C  
in Figure 5.1) .  Both 29% and 30% are essentially the same. Despite the fact of 
hybridization difference, both C-Cl bonds have the same ionic characters for 23DCP, and 
they are the same as the ionic character of the C-Cl bonds of I 2DCE and I C2FE. This 
implies the same kind of polarity for C-Cl bond/s in these molecules. 
Novick has used this method to calculate the percentage ionic character of the 
Ge-Br bond of monobromogermylene molecule (HGeBr)7'9 and it was 3 8%. This value is 
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greater than the ionic character of the C--Cl bond (-30%) . Germanium and Br are below 
C and Cl in the periodic table and therefore they are less electronegative than C and Cl. 
The electronegativities of C, Cl, Ge and Br are 2 .5 ,  3 .0, 1 . 8 and 2.8 respectively. 1 0 
Therefore the electronegativity difference between Ge and Br is higher than the 
difference between C and Cl. Thus Ge-Br bond is more polar than C-Cl bond. So, we 
can expect more ionic nature in Ge-Br bond than C--Cl bond. 
5.3 Calculation of relative population ratio between anti and gauche structures 
Anti and gauche conformers are the two most stable forms of 1 2DCE, 1 C2FE and 
23DCP. The optimized energies of these conformers have already been calculated and the 
energy differences are shown in Tables 2.1,  3 .1  and 4 . 1 .  The Boltzmann equation can be 
used (Equation 5.3) to calculate the expected population ratio between the anti and 
gauche conformers. 
Ngauche Bgauche (Egauche-Eanti) --=-- = e RT Nanti Banti 
Equation 5.  3 
where Nanti and Ngauche are the populations of anti and gauche conformers, ganti and ggauche 
are the degeneracies, Eanti and Egauche are the optimized energies of anti and gauche 
conforms, R is the gas constant and T is the absolute temperature. Thus the calculated 
population ratio at 298 K · and the energy separation between anti and gauche conformers 
(till) are given in Table 5.4. 
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Table 5.4 :  Relative population between anti and gauche conformers 
Molecule /).J{1 I cm -I 
Ngauche 
Nanti 
1 2DCE 508 0 . 1 7  
1 C2FE 240 0.62 
23DCP 86 1 .29 
a M = Egauche - Eanti 
Raman spectroscopy analysis of 1 2DCE by Nomura, et al1 1  have shown that the 
gauche to anti ratio is 0.25 . Therefore the rough estimate in the current study for 1 2DCE 
(0. 1 7) is consistent with the previous work. The energy separation decreases as we go 
from 1 2DCE to 23DCP. Thus the lowering of energy difference causes the population 
ratio to increase. 
The gauche level is doubly degenerate due to the presence of two mirror image 
gauche forms and therefore we used 2 : 1 as the degeneracy ratio between gauche and 
anti (ggauche : ganti) to perform this calculation. The optimized energies were obtained 
from ab initio calculations and therefore this is an approximate result. The temperature of 
the molecule inside the vacuum chamber is not 298 K, but it has been shown that the 
room temperature population distribution is mostly maintained in the gas expansion. 
Therefore this ratio is actually a rough estimate. It might be possible to calculate the 
actual population ratio using the intensity ratio between gauche and anti using their 
experimental rotational spectra; however, the intensity variation due to instrumental 
effects makes it difficult to perform this comparison reliably. It is not possible to do 
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intensity ratio calculation for 1 2DCE since anti-1 2DCE does not produce a microwave 
spectrum. However it is possible to it for 1 C2FE and 23DCP.  
5.4 Conclusion 
The Fourier-transform microwave spectra of 1 2DCE, 1 C2FE and 23DCP have 
been measured to determine experimental rotational constants, nuclear quadrupole 
coupling constants and quartic centrifugal distortion constants. The experimental results 
have proved that the level of ab initio calculations used gave good predictions from 
which to assign microwave spectra. 
The complete rs and r0 structures of gauche-1 2DCE were determined with the 
help of deuterated data from previous work, and the molecular parameters agreed well 
with previous work1 and ab initio results .  The percent ionic character of the C-Cl bond 
was calculated using Cl hyperfine coupling constants that were not available from 
previous studies. 
Six molecular parameters could be deduced for gauche-I C2FE according to the 
experimental rotational constants of parent species, chlorine isotopologues and two 
carbon isotopologues. 
The complete nuclear quadrupole coupling constant tensors for all the parent 
species of gauche-I 2DCE, gauche-I C2FE and both anti- and gauche-23DCP have been 
determined for the first time. 
The Cartesian coordinates of the two Cl atoms of both anti and gauche 
conformers of 23DCP were determined using experimental rotational constants of two 
chlorine isotopologues. Since the Kraitchman coordinates of the Cl atoms of 
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gauche-I 2DCE and gauche-23DCP were known the distance between two Cl atoms was 
calculated for both molecules. Despite the difference in hybridization between the two 
molecules, the distances were surprisingly similar, and were consistent with ab initio 
results as well. 
According to ab initio dipole moment predictions, anti-23DCP showed 
approximately two times larger "a" dipole moment than anti- I C2FE. Therefore a 
sufficient number of transitions was observed for anti-23DCP and the rotational spectrum 
could be assigned. Only a few transitions were seen that might be anti- I C2FE, and those 
transitions were not enough to confidently assign a microwave spectrum. 
5.5 Future work 
Stark effect measurements can be made using the resonant-cavity microwave 
spectrometer to determine the experimental dipole moment components of 
gauche-I C2FE. We did not see enough microwave transitions in the broadband scan to 
assign anti-I C2FE because of the very small dipole moment of the anti conformer, but 
the cavity instrument is presently being used to measure and fit the microwave spectrum 
of anti-I C2FE. 
We can also focus on the applications of the NBO (Natural Bond Orbital) 
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Appendix 1 :  Measured microwave transitions of gauche-12DCE 
Table 1: Parent isotopologue (12CHi35CI-12CHi35CI) 
Quantum numbers 
]' K' K' 
1' 
F{ r KH KH 1
H 
F{ Vobs 
/ MHz Veale / MHz Error / MHz 
a e Fi + 2 a e Fi + 2 
l l 0 l 2 l 0 l l 2 7959.3425 7959.3409 0 .00 1 7  
l l 0 l 2 l 0 l 3 l 7959 .5375 7959.54 1 4  -0 .0039 
l l 0 l l l 0 l l l 7960 .9290 7960 .9297 -0.0008 
l l 0 l l l 0 l 3 2 796 1 .3273 796 1 .3266 0 .0006 
l l 0 l l l 0 l 2 l 796 1 .6600 796 1 .6608 -0.0007 
l l 0 3 l l 0 l l 2 7964.767 1 7964.7648 0.0023 
l l 0 3 l l 0 l 3 l 7964.967 1 7964.9653 0 .00 1 8  
l l 0 3 l l 0 l 2 2 7965 .3839 7965.3 832 0 .0008 
l l 0 3 l l 0 l 2 0 7965.6334 7965.6334 0.0000 
l l 0 3 4 l 0 l 3 4 7967.6772 7967.6756 0.00 1 6  
l l 0 3 4 l 0 l 2 3 7968 . 1 5 14 7968 . 1 484 0 .0030 
l l 0 3 2 l 0 l 3 3 7970 .6305 7970.6343 -0 .0038 
l l 0 3 2 l 0 l 2 l 7970.9944 7970.993 1 0.00 1 3  
l l 0 2 2 l 0 l l 2 7975.2360 7975.2337 0 .0023 
l l 0 2 2 l 0 l 3 l 7975 .435 8  7975 .4342 0.00 1 6  
l l 0 2 3 l 0 l l 2 7978 .5607 7978 .5590 0.00 1 8  
l l 0 2 3 l 0 l 3 4 7978 .8473 7978 .8500 -0.0027 
l l 0 2 l l 0 l l l 7979.0497 7979.0586 -0.0089 
l l 0 2 3 l 0 l 2 2 7979 . 1 845 7979 . 1 774 0.007 1 
l l 0 2 l l 0 l 3 2 7979.4536 7979.4555 -0.00 1 9  
l l 0 2 l l 0 l 2 l 7979.7876 7979.7896 -0.0020 
l l 0 2 0 l 0 l 3 l 798 1 .0 1 86 798 1 .0214 -0.0028 
3 2 l 2 0 4 l 4 3 l 8 1 1 3 .4568 8 l l 3 .4475 0 .0094 
3 2 l 2 l 4 l 4 3 l 8 l l 3 . 7 1 8 8  8 l l 3 .7 1 8 l  0 .0007 
3 2 l 2 2 4 l 4 3 2 8 l l 8 .3787 8 l l 8 .3 869 -0.0082 
3 2 l 5 6 4 l 4 6 7 8 l l 9.3 1 47 8 l l 9.3 l 32 0.00 1 5  
3 2 l 2 2 4 l 4 3 3 8 1 22 .4930 8 1 22 .4967 -0 .0037 
3 2 l 3 3 4 l 4 3 3 8 123 .2 540 8 1 23 .2569 -0.0029 
3 2 l 5 4 4 l 4 6 5 8 1 24.4291  8 124.4289 0 .0002 
3 2 l 5 6 4 l 4 5 6 8 128 .8352 8 1 28 .8303 0 .0048 
3 2 l 4 5 4 l 4 5 6 8 1 29.7330 8 1 29.7337 -0.0007 
3 2 l 3 3 4 l 4 4 4 8 1 30.863 1 8 1 30.8606 0 .0025 
3 2 l 3 2 4 l 4 4 3 8 1 3 1 . l  1 3 3  8 1 3 1 . l  1 47 -0.00 1 4  
3 2 l 4 4 4 l 4 4 4 8 1 3 1 .3 1 48 8 1 3 1 .324 1 -0.0093 
3 2 l 4 3 4 l 4 5 4 8 1 33 .5237 8 1 33 .5268 -0.0032 
3 2 l 4 5 4 l 4 5 5 8 1 34.7 1 3 5  8 1 34.7 1 05 0 .0030 
3 2 l 4 4 4 l 4 5 5 8 1 35 .0784 8 1 35 .0822 -0.0038 
2 l l l l 2 0 2 l l 8272 .5799 8272.5830 -0.0032 
2 l l l l 2 0 2 l 2 8273 .3650 8273 .3686 -0 .0036 
2 l l l l 2 0 2 2 2 8274.23 1 5  8274.2292 0.0023 
2 l l l 2 2 0 2 l 2 8275 .0666 8275.0680 -0.00 1 3  
2 l l 4 2 2 0 2 4 2 8275.4635 8275 .4634 0 .000 1 
2 l l l 2 2 0 2 2 3 8275.6989 8275 .7005 -0.00 1 6  
2 l l 4 2 2 2 0 2 3 8276.0361 8276.0353 0 .0008 
2 l l 4 2 2 0 2 3 2 8276.8628 8276.8 6 1 8  0 .00 1 0  
2 l l 4 5 2 0 2 4 5 8279.6276 8279.6256 0.00 1 9  
2 l l 4 5 2 0 2 3 4 8280 .4020 8280 .4006 0.00 1 4  
2 l l 4 3 2 0 2 1 2 8280.8534 8280.85 1 5  0.00 1 9  






/ MHz Veale / MHz Error / MHz r K' K' Fi + -z 
Fi. r KH Fi + -z 
a c a c 
2 1 1 4 3 2 0 2 2 2 828 1 .7 1 36 828 1 .7 1 2 1  0.00 1 5  
2 1 1 4 3 2 0 2 3 3 828 1 .9 8 1 0  828 1 .9883 -0.0073 
2 1 1 2 2 2 0 2 1 1 8282. 1 1 38  8282 . 1 048 0 .0090 
2 1 1 4 3 2 0 2 3 4 8282.3 1 65 8282.3 1 73 -0.0008 
2 1 1 4 4 2 0 2 4 4 8283 .6969 8283 .6947 0 .0022 
2 1 1 3 1 2 0 2 1 2 8288.5041 8288.5066 -0.0024 
2 1 1 3 1 2 0 2 3 1 8289.7975 8289.7976 -0.000 1 
2 1 1 3 4 2 0 2 3 4 8290.2576 8290.2557 0 .0020 
2 1 1 3 2 2 2 0 2 3 8290.7385 8290.7402 -0.00 1 7  
2 1 1 3 2 2 0 2 2 1 829 1 . 1 382 829 1 . 1 370 0 .00 1 2  
2 1 1 3 3 2 0 2 3 3 8291 .9057 8291 .9086 -0.0029 
2 1 1 3 3 2 0 2 3 4 8292.2364 8292.2376 -0.00 1 2  
3 1 2 2 0 3 0 3 2 1 8757.9760 8757 .9786 -0.0026 
3 1 2 2 1 3 0 3 2 0 8 760 .2248 8760.2242 0 .0006 
3 1 2 2 1 3 0 3 2 1 8760.6737 8760.6785 -0.0048 
3 1 2 2 1 3 0 3 2 2 876 1 .3356 8761 .3386 -0.0030 
3 1 2 2 3 3 0 3 2 2 8762.3766 8762.3750 0 .00 1 6  
3 1 2 2 1 3 0 3 3 2 8762.5956 8762.5928 0 .0028 
3 1 2 2 3 3 0 3 5 4 8762.8202 8762.82 1 0  -0.0008 
3 1 2 2 3 3 0 3 3 3 8 763 .4435 8763.44 1 8  0.00 1 7  
3 1 2 2 3 3 0 3 3 2 8763 .6297 8763 .6292 0 .0005 
3 1 2 5 3 3 0 3 4 3 8764.0025 8 763 .99 1 1  0 .0 1 14 
3 1 2 5 6 3 0 3 5 6 8764.8440 8 764.8396 0 .0044 
3 1 2 2 2 3 0 3 2 2 8765.45 1 6  8765.45 14 0.0002 
3 1 2 5 6 3 0 3 4 5 8766 . 1 292 8766 . 1 26 1  0 .003 1 
3 1 2 2 2 3 0 3 3 3 8766.5 1 6 1  8766.5 1 82 -0.0022 
3 1 2 5 4 3 0 3 2 3 8 767.900 1 8767.898 1 0 .00 1 9  
3 1 2 5 4 3 0 3 5 4 8768 .8 1 6 1  8768 .8 1 55 0 .0007 
3 1 2 5 4 3 0 3 3 3 8769.44 1 8  8769.4363 0 .0055 
3 1 2 5 4 3 0 3 4 5 8769.60 1 5  8769.6042 -0.0027 
3 1 2 3 3 3 0 3 2 3 8772.3425 8772.3425 0.0000 
3 1 2 3 3 3 0 3 2 2 8772.8 1 54 8772.8 1 3 8  0 .00 1 6  
3 1 2 3 3 3 0 3 5 4 8773 .2599 8773 .2598 0 .000 1 
3 1 2 3 2 3 0 3 2 1 8 773 .5682 8 773 .5673 0 .0009 
3 1 2 3 3 3 0 3 3 2 8774.0709 8774.0680 0 .0029 
3 1 2 4 5 3 0 3 5 4 8 774.3205 8774.3 1 99 0 .0006 
3 1 2 3 3 3 0 3 4 4 8774.5099 8774.5 1 2 1  -0.0022 
3 1 2 4 5 3 0 3 4 5 8775 . 1 090 8775 . 1 087 0 .0003 
3 1 2 4 3 3 0 3 5 3 8775.8657 8775.8655 0 .0002 
3 1 2 4 3 3 0 3 4 3 8777.8677 8777.8687 -0.00 1 0  
3 1 2 4 4 3 0 3 3 3 8778 .6073 8778 .604 1 0 .0032 
3 1 2 4 4 3 0 3 4 5 8778 .7684 8 778 .7720 -0 .003 7 
3 1 2 4 4 3 0 3 4 4 8779.2360 8779.2356 0 .0004 
4 1 3 3 1 4 0 4 3 1 9436.6900 9436.6908 -0.0008 
4 1 3 3 1 4 0 4 3 2 9437.5873 9437.5883 -0.0009 
4 1 3 3 2 4 0 4 3 1 9440.47 1 4  9440.4696 0 .00 1 8  
4 1 3 3 4 4 0 4 3 3 944 1 . 1 1 1 6 944 1 . 1 097 0 .00 1 9  
4 1 3 3 2 4 0 4 3 3 9442 .2 105 9442.2 1 2 1  -0.00 1 6  
4 1 3 6 7 4 0 4 6 7 9442.4300 9442.4291 0 .0009 
4 1 3 3 2 4 0 4 4 3 9443.7574 9443 .7598 -0.0024 
4 1 3 6 7 4 0 4 5 6 9444.3450 9444.3435 0.00 1 5  
4 1 3 3 3 4 2 2 3 4 9444.7293 9444.7346 -0.0053 
4 1 3 3 3 4 0 4 3 2 9444.9809 9444.98 1 1  -0 .0003 
4 1 3 3 3 4 0 4 3 3 9445.8263 9445.8263 0 .000 1 
4 1 3 6 5 4 2 2 3 4 9446. 1 040 9446 . 1 0 1 6  0 .0024 
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Quantum numbers 
1' F2 r KH KH 1
0 
F{ Vohs I MHz Veale ! MHz Error / MHz r K' K' F1 + 2 F1 + 2 a e a e 
4 1 3 6 5 4 0 4 6 5 9447.5279 9447.5277 0 .0003 
4 1 3 6 5 4 0 4 4 4 9448.7265 9448 .7267 -0.0003 
4 1 3 5 6 4 0 4 6 7 9450.7876 9450 .7882 -0.0007 
4 1 3 4 4 4 0 4 3 3 9452.4844 9452.4820 0 .0024 
4 1 3 5 6 4 0 4 5 6 9452 .7022 9452.7026 -0 .0005 
4 1 3 5 6 4 0 4 5 5 9453 .67 1 9  9453.6720 -0.000 1 
4 1 3 4 4 4 0 4 5 5 9454.7443 9454.7472 -0.0029 
4 1 3 5 4 4 0 4 5 4 9456.4786 9456.4788 -0.0003 
4 1 3 5 5 4 0 4 5 6 9457.0324 9457.0354 -0.0030 
4 1 3 5 5 4 0 4 4 4 9457.2760 9457.273 1 0 .0029 
4 1 3 5 5 4 0 4 5 5 9458 .0043 9458 .0048 -0.0005 
2 2 1 2 3 3 1 2 4 3 9853 .0499 9853 .05 1 1  -0.00 1 2  
2 2 1 3 2 3 1 2 4 3 9853.3 573 9853.360 1  -0.0028 
2 2 1 3 4 3 1 2 4 5 9855.7495 9855 .750 1 -0.0006 
2 2 1 3 3 3 1 2 3 3 9856.8824 9856.890 1 -0.0077 
2 2 1 3 2 3 1 2 4 2 9860.2973 9860.2864 0 .0 1 09 
2 2 1 4 3 3 1 2 5 4 9860.9307 9860.9275 0 .0033 
2 2 1 3 4 3 1 2 5 4 9861 .2627 9861 .2546 0.008 1 
2 2 1 2 2 3 1 2 2 2 9863.9300 9863 .93 1 8  -0.00 1 9  
2 2 1 4 5 3 1 2 5 6 9864.3 1 64 9864.3 1 02 0.0063 
2 2 1 1 1 3 1 2 2 1 9867.6432 9867.6452 -0.0020 
2 2 1 1 1 3 1 2 2 0 9870.3420 9870.345 1 -0.0032 
4 0 4 3 1 3 1 3 2 0 9875 .2509 9875.25 1 7  -0.0008 
4 0 4 3 3 3 1 3 2 3 9877.5774 9877.5795 -0.0022 
4 0 4 3 1 3 1 3 2 1 9878 . 1 782 9878 . 1 769 0.00 1 3  
4 0 4 5 6 3 1 3 5 6 9879.0459 9879.0452 0 .0008 
4 0 4 6 7 3 1 3 5 6 9880.9605 9880.9596 0 .0009 
4 0 4 3 2 3 1 3 2 2 988 1 .7496 9 8 8 1 .7488 0 .0008 
4 0 4 5 4 3 1 3 3 4 9883 .2398 9883.2361 0.0037 
4 0 4 6 5 3 1 3 5 4 9883 . 8 127 9883 . 8 1 05 0.0022 
4 2 2 3 4 3 1 3 5 4 9885 .2372 9885 .2366 0 .0006 
4 0 4 3 4 3 1 3 3 4 9886.3091 9886.3083 0 .0007 
4 0 4 4 4 3 1 3 3 3 9887.4 1 4 1  9887.4 130 0.00 1 2  
4 0 4 5 5 3 1 3 4 5 9887.8454 9887.8458 -0.0004 
4 0 4 5 6 3 1 3 4 5 9888.8 1 8 1  9888.8 1 52 0 .0028 
4 0 4 5 4 3 1 3 4 3 9890 .80 1 3  9890.7993 0.0020 
4 0 4 5 5 3 1 3 4 4 9891 .8446 9891 .8432 0.00 1 4  
4 0 4 5 3 3 1 3 4 3 9892.3365 9892.3350 0 .00 1 5  
4 0 4 4 4 3 1 3 4 4 9892.5746 9892.5749 -0.0003 
5 1 4 4 2 5 0 5 4 2 1 0330.6 1 02 1 0330.6 1 1 4  -0.00 1 2  
5 1 4 4 2 5 0 5 4 3 1 0332.0876 1 0332.0770 0 .0 1 06 
5 1 4 4 3 5 0 5 4 2 1 0335 .6200 1 0335 .6220 -0.0020 
5 1 4 4 5 5 0 5 4 4 10335 .7927 10335 .8033 -0.0 106 
5 1 4 7 8 5 0 5 7 8 1 0336.6423 1 0336.64 1 8  0 .0005 
5 1 4 4 3 5 0 5 4 3 1 0337.0841 1 033 7.0876 -0 .0035 
5 1 4 4 3 5 0 5 4 4 1 033 8 . 1 365 1 033 8 . 1 4 1 1 -0.0045 
5 1 4 7 8 5 0 5 6 7 1 0339.3089 1 0339.3044 0.0045 
5 1 4 4 4 5 0 5 4 5 1 0339.4 1 50 1 0339.4 1 64 -0.00 1 4  
5 1 4 4 4 5 0 5 4 3 1 0340. 1 720 1 0340. 1 683  0 .0037 
5 1 4 4 4 5 0 5 4 4 1 034 1 .223 1 1 034 1 .22 1 7  0.00 1 4  
5 1 4 5 6 5 0 5 7 6 1 0343.0667 1 0343.0656 0.00 1 2  
5 1 4 6 7 5 0 5 7 8 1 0344.3 1 1 8  1 0344.3 1 3 5  -0.00 1 7  
5 1 4 6 7 5 0 5 6 7 1 0346.9803 1 0346.976 1 0 .0042 
5 1 4 5 5 5 0 5 4 4 1 0347.7028 1 0347.703 8 -0.00 1 0  
5 1 4 5 5 5 2 3 7 6 1 0347.9566 1 0347.9653 -0 .0087 
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Quantum numbers 
r K' K' 1
' 
Ff r Ku Ku l
u 
F{ Vohs 
/ MHz Veale / MHz Error / MHz 
a c F1 + 2 a c F1 + 2 
5 l 4 6 7 5 0 5 6 6 1 0348 . 5446 1 0348 . 54 1 3  0.0033 
5 l 4 5 4 5 0 5 5 4 1 0349.3 1 3 1  1 0349.3 1 50 -0.00 1 9  
5 l 4 5 5 5 0 5 5 5 1 0349.8500 1 0349.849 1 0 .0009 
5 l 4 5 5 5 0 5 6 6 1 0350.6727 1 0350.6749 -0.0022 
5 l 4 6 6 5 0 5 6 7 1 0350.9560 1 0350.9532 0 .0028 
5 l 4 6 5 5 0 5 6 5 1 035 1 .2578 1 03 5 1 .2586 -0 .0008 
5 l 4 6 6 5 0 5 5 5 1 03 5 1 . 7004 1 03 5 1 .6925 0 .0079 
5 l 4 6 6 5 0 5 6 6 1 0352.5 1 53 1 0352. 5 1 83 -0.0030 
6 l 5 5 3 6 0 6 5 3 1 1470.7646 1 1470.7599 0 .0047 
6 l 5 8 9 6 0 6 8 9 1 1474.9787 1 1474.9834 -0 .0047 
6 l 5 5 4 6 0 6 5 4 1 1 477.3 109 1 1477.3094 0.00 1 5  
6 l 5 7 8 6 0 6 7 8 1 1 485.8585 1 1485.8585 -0.000 1 
6 l 5 6 5 6 0 6 6 5 1 1 489.2226 1 1489.2248 -0.0022 
6 l 5 7 6 6 0 6 7 6 1 1 49 1 .3795 1 149 1 .3757 0 .0038 
2 2 0 3 2 3 l 3 4 2 1 1 694. 1 1 6 1  1 1 694. 1 22 1  -0.006 1 
2 2 0 2 2 3 l 3 3 3 1 1 697.2237 1 1 697.2245 -0.0008 
2 2 0 3 3 3 l 3 3 3 1 1 697.8748 1 1 697.8700 0 .0047 
2 2 0 3 4 3 l 3 4 5 1 1 698.8753 1 1 698.8737 0.00 1 5  
2 2 0 3 l 3 l 3 3 2 1 1 699.2680 1 1 699.2659 0.002 1 
2 2 0 3 2 3 l 3 4 3 1 1 70 1 .67 1 8  1 1 70 1 .6702 0.00 1 6  
2 2 0 3 3 3 l 3 4 4 1 1 703 .0307 1 1 703 .0320 -0.00 1 2  
l l 1 2 0 0 0 0 2 1 1 1 885 .3653 1 1 885 .3669 -0 .00 1 6  
l l 1 2 3 0 0 0 2 3 1 1 888 .0337 1 1 888 .0345 -0.0008 
l l l 2 2 0 0 0 2 l 1 1 8 9 1 .6785 1 1 8 9 1 .6782 0 .0003 
l l l 3 4 0 0 0 2 3 1 1 899.0870 1 1 899.0834 0.0036 
l 1 1 3 1 0 0 0 2 1 1 1 90 1 .6836 1 1 90 1 .6838 -0.0002 
1 1 1 1 2 0 0 0 2 3 1 1 906.3006 1 1 906.30 1 9  -0.00 1 3  
5 0 5 4 2 4 1 4 3 l 1 4556.5046 1 4556.5062 -0.00 1 6  
5 0 5 6 7 4 1 4 6 7 1 4557.8083 1 4557.8 148 -0.0065 
5 0 5 7 8 4 1 4 6 7 1 4560.4748 1 4560.4774 -0.0026 
5 0 5 4 2 4 1 4 3 2 1 4560.7570 1 4560.7620 -0.0050 
5 0 5 5 5 4 1 4 6 5 1456 1 .8038 1 456 1 .8083 -0.0045 
5 0 5 6 5 4 l 4 4 5 1 4562.0705 14562.0702 0 .0003 
5 0 5 4 4 4 1 4 3 3 1 4562.3473 1 4562.3528 -0.0055 
5 0 5 4 3 4 1 4 3 3 1 4563 .3973 1 4563 .4063 -0.0090 
5 2 3 7 6 4 1 4 6 5 14563.6949 1 4563.692 1 0.0029 
5 0 5 6 7 4 1 4 5 6 1 4567.343 1 1 4567.3320 0 .0 1 1 1  
5 0 5 5 5 4 l 4 4 4 1 4567. 8 1 20 1 4567.8 1 1 3  0 .0007 
5 0 5 5 4 4 1 4 4 3 1 4568.0393 1 4568.0444 -0.005 1 
5 0 5 6 5 4 1 4 5 4 1 4569.7054 1 4569.6954 0.0 1 00 
5 0 5 4 4 4 1 4 4 4 1 4569.9548 1 4569.9566 -0 .00 1 8  
5 0 5 6 6 4 1 4 5 5 1 4570.7424 1 4570.7436 -0.00 1 2  
5 0 5 5 5 4 1 4 5 5 1 457 1 . 5764 1457 1 . 5694 0 .0070 
2 l 2 3 3 1 0 1 3 4 1 5 8 1 3 . 6 1 3 9  1 5 8 1 3 .608 8  0 .0050 
2 1 2 3 3 1 0 1 2 2 1 5 8 1 3 .9377 1 5 8 1 3 . 9362 0.00 1 5  
2 1 2 3 3 1 0 1 2 3 1 5 8 1 4.0827 1 5 8 1 4.08 1 7  0.00 1 0  
2 1 2 3 2 1 0 1 3 2 1 5 8 1 4.2898 1 5 8 1 4.2909 -0 .00 1 1  
2 1 2 3 2 1 0 1 2 1 1 58 1 4.6223 1 5 8 1 4.625 1 -0.0027 
2 1 2 3 4 1 0 1 3 4 1 5 8 1 5 .6449 1 58 1 5 .6455 -0.0006 
2 1 2 3 4 1 0 l 2 3 1 58 1 6 . 1 1 75 1 58 1 6. 1 1 84 -0.0009 
2 1 2 3 1 1 0 1 2 0 1 5 8 1 6.4944 1 5 8 1 6.4973 -0.0030 
2 1 2 2 2 1 0 1 2 2 1 5822 . 1 534 1 5822. 1 6 1 9  -0.0086 
2 1 2 4 3 1 0 1 1 2 1 5823 .5784 1 5823.5727 0.0058 
2 1 2 4 3 1 0 1 3 4 1 5 823.8638 1 5823 .863 8 0 .0000 
2 l 2 4 3 1 0 1 2 2 1 5824. 1 860 1 5824. 1 9 1 1 -0.005 1 
127 
Quantum numbers 
1' r K' K' Fi + -z  Fi, r K"' a e a 
2 l 2 4 3 l 0 
2 l 2 4 5 l 0 
2 l 2 4 2 l 0 
2 l 2 l 2 l 0 
2 l 2 l 2 l 0 
2 l 2 l l l 0 
2 l 2 l l l 0 
Quantum numbers 
1' r K' K' Fi + 7  Fi, r Ku a e a 
l l 0 l 2 l 0 
l l 0 3 l l 0 
l l 0 l l l 0 
l l 0 3 4 l 0 
l l 0 3 4 l 0 
l l 0 3 3 l 0 
l l 0 3 3 l 0 
l l 0 2 2 l 0 
l l 0 2 2 l 0 
l l 0 3 2 l 0 
l l 0 3 2 l 0 
l l 0 3 2 l 0 
l l 0 2 3 l 0 
l l 0 2 3 l 0 
l l 0 2 0 l 0 
2 l l l l 2 0 
2 l l l l 2 0 
2 l l 4 2 2 0 
2 l l l l 2 0 
2 l l 4 2 2 0 
2 l l 4 2 2 0 
2 I I 4 2 2 0 
2 l l l 2 2 0 
2 l l l 2 2 0 
2 l l l 2 2 0 
2 l l l 2 2 0 
2 l l l 2 2 0 
2 l l 4 5 2 0 
2 l l 4 5 2 0 
2 l l 2 3 2 0 
2 l l 2 3 2 0 
2 l l 2 2 2 0 
2 l l 4 3 2 0 
2 1 1 4 4 2 0 
2 1 1 2 1 2 0 
2 1 1 3 4 2 0 
2 1 l 3 4 2 0 
2 l l 2 l 2 0 
1"' 
F{ K"' Fi + -z  e 
l 2 3 
l 3 4 
l l l 
l 3 l 
l 2 3 
l l 2 
l 2 2 
1"' Ku Fi + 7  pu e 2 
l l 2 
l 2 l 
l 2 0 
l 3 4 
l 2 3 
l l 2 
l 3 3 
l 3 3 
l 2 l 
l l 2 
l 3 2 
l 2 3 
l l 2 
l 3 4 
l 3 l 
2 l l 
2 4 2 
2 l l 
2 2 2 
2 4 2 
2 4 3 
2 2 3 
2 4 2 
2 4 3 
2 2 3 
2 2 l 
2 3 2 
2 4 5 
2 3 4 
2 4 2 
2 2 3 
2 4 2 
2 4 3 
2 4 4 
2 4 2 
2 2 3 
2 4 5 
2 3 1 
Vobs / MHz 
1 5824.3446 
1 5825.9060 
1 5829.2 1 1 9  
1 5829.8782 
1 5830.4449 
1 583 1 .4723 
1 5832.0840 
Vobs / MHz 
7940.9380 
7943 .0 1 73 
7946.9486 
7948 .6829 
7949 . 1206 
7950.2986 
7950.6590 
795 1 .0742 







824 1 .791 1 
8242.7442 
8242.9271 












8250.03 10  
825 1 .3856 





8257.77 16  
Veale / MHz 
1 5824.3366 
1 5825 .8991 
1 5829.2 1 6 1  
1 5829.88 1 0  
1 5830.4444 
1 583 1 .474 1 
1 5832.0925 





7949 . 1 1 72 
7950 .2979 
7950.661 7  
795 1 .0694 





















8249.5 1 99 
8250.0308 
825 1 .3 853 





8257.77 1 3  






-0.00 1 8  
-0.0086 















-0.00 1 3  


















-0 .00 14 






1' r K' K' Fi + 2 F{ r K"' a e a 
2 1 1 3 4 2 0 
2 1 1 3 3 2 0 
2 1 1 3 3 2 0 
3 2 1 5 3 4 1 
3 2 1 2 3 4 1 
3 2 1 5 6 4 1 
3 2 1 4 2 4 1 
3 2 1 3 4 4 1 
3 2 1 4 5 4 1 
3 2 1 5 5 4 1 
3 2 1 3 3 4 1 
3 2 1 3 2 4 1 
3 2 1 4 3 4 1 
3 2 1 4 4 4 1 
3 1 2 2 0 3 0 
3 1 2 2 1 3 0 
3 1 2 2 1 3 0 
3 1 2 5 3 3 0 
3 1 2 2 3 3 0 
3 1 2 4 2 3 0 
3 1 2 5 6 3 0 
3 1 2 3 4 3 0 
3 1 2 4 5 3 0 
3 1 2 3 3 3 0 
3 1 2 3 3 3 0 
3 1 2 5 5 3 0 
3 1 2 5 5 3 0 
3 1 2 3 2 3 0 
3 1 2 5 5 3 0 
3 1 2 4 3 3 0 
3 1 2 4 4 3 0 
4 1 3 3 1 4 0 
4 1 3 3 1 4 0 
4 1 3 6 4 4 0 
4 1 3 3 4 4 0 
4 1 3 6 4 4 0 
4 1 3 3 2 4 0 
4 1 3 3 2 4 0 
4 1 3 6 7 4 0 
4 1 3 3 2 4 0 
4 1 3 5 3 4 0 
4 1 3 5 3 4 0 
4 1 3 4 5 4 0 
4 1 3 5 6 4 0 
4 1 3 4 2 4 0 
4 1 3 6 5 4 0 
4 1 3 3 3 4 0 
4 1 3 6 6 4 0 
4 1 3 4 4 4 0 
4 1 3 6 6 4 0 
4 1 3 5 4 4 0 
4 1 3 5 5 4 0 
1"' K"' Fi + 2 F{ e 
2 3 4 
2 3 3 
2 3 4 
4 6 4 
4 3 4 
4 6 7 
4 5 3 
4 4 5 
4 5 6 
4 6 6 
4 4 4 
4 4 3 
4 5 4 
4 5 5 
3 2 1 
3 2 0 
3 2 2 
3 5 3 
3 2 3 
3 2 1 
3 5 6 
3 2 3 
3 5 5 
3 2 2 
3 3 3 
3 5 6 
3 4 5 
3 3 2 
3 4 4 
3 4 3 
3 4 4 
4 3 1 
4 3 2 
4 6 4 
4 3 4 
4 3 3 
4 3 2 
4 3 3 
4 6 7 
4 4 3 
4 3 3 
4 4 4 
4 6 5 
4 6 6 
4 4 2 
4 4 5 
4 5 3 
4 6 7 
4 3 3 
4 5 6 
4 5 4 
4 5 6 














843 1 .7770 
8708 .2654 
8710 .2298 
871 1 . 1 72 1  




871 6.92 1 3  
87 18 .7769 
872 1 .5252 




























Veale / MHz 
8258 .2473 
8259.57 1 8  
8259.9488 
841 5 .2506 
84 1 5 .8278 
8417 .7230 
8420 .2 1 64 
8422.000 1 
8422.8546 
8427 . 1457 
8427.9929 
8428.258 1 
8430.4 1 8 1  
843 1 .7757 
8708 .2665 
8710 .2302 
87 1 1 . 1 738  
871 1 .4040 




87 18 .7743 










9361 .4251  
9362.0728 
9362.3650 
9362.8 1 52 
9363.54 1 8  














Error / MHz 
-0.00 1 9  












0.00 1 3  
-0.00 1 1 
-0.0004 





0.00 1 3  
0.0026 
0 .0009 













-0.00 1 6  
0.00 14 
-0.0040 














1/ r K, K, Fi + z- Fi. ]// K// a e a 
4 1 3 5 5 4 0 
4 1 3 5 5 4 0 
4 0 4 3 1 3 1 
4 0 4 3 2 3 1 
4 0 4 6 4 3 1 
4 0 4 3 4 3 1 
4 0 4 3 3 3 I 
4 0 4 6 7 3 I 
4 0 4 3 2 3 I 
4 0 4 6 5 3 I 
4 0 4 6 6 3 I 
4 0 4 4 4 3 1 
4 0 4 5 5 3 1 
4 0 4 5 4 3 1 
4 0 4 5 5 3 1 
4 0 4 5 3 3 1 
4 0 4 4 4 3 1 
2 2 1 3 3 3 1 
2 2 1 3 2 3 I 
2 2 1 3 4 3 1 
2 2 I 4 4 3 1 
2 2 I 3 4 3 1 
2 2 1 4 5 3 1 
2 2 1 1 2 3 1 
2 2 1 4 2 3 1 
5 1 4 4 2 5 0 
5 I 4 7 5 5 0 
5 1 4 4 5 5 0 
5 1 4 7 8 5 0 
5 1 4 5 3 5 0 
5 1 4 5 3 5 0 
5 1 4 7 8 5 0 
5 1 4 6 4 5 0 
5 1 4 5 6 5 0 
5 1 4 6 7 5 0 
5 1 4 4 3 5 0 
5 1 4 7 6 5 0 
5 1 4 4 4 5 0 
5 I 4 7 7 5 0 
5 1 4 5 4 5 0 
5 I 4 6 5 5 0 
5 1 4 6 5 5 0 
5 I 4 5 5 5 0 
5 1 4 6 6 5 0 
5 1 4 6 6 5 0 
6 1 5 5 3 6 0 
6 I 5 8 6 6 0 
6 I 5 5 6 6 0 
6 1 5 8 9 6 0 
6 I 5 6 4 6 0 
6 I 5 7 5 6 0 
1// K// Fi + z- F// e 2 
4 4 4 
4 5 5 
3 2 0 
3 2 1 
3 5 3 
3 2 3 
3 4 2 
3 5 6 
3 4 2 
3 3 4 
3 5 5 
3 3 3 
3 4 5 
3 4 3 
3 4 4 
3 4 3 
3 4 4 
2 4 4 
2 4 3 
2 5 5 
2 4 5 
2 4 5 
2 5 6 
2 2 3 
2 5 3 
5 4 2 
5 7 5 
5 4 5 
5 7 8 
5 4 3 
5 6 4 
5 6 7 
5 6 4 
5 5 6 
5 7 7 
5 5 3 
5 7 6 
5 4 4 
5 6 7 
5 5 4 
5 5 5 
5 6 6 
5 6 5 
5 5 5 
5 6 6 
6 5 3 
6 8 6 
6 5 6 
6 8 9 
6 5 4 
6 7 5 
Vohs I MHz 
9377 . 1 649 
9377.7932 
9463 .3352 
9465 . 1 359 













1 0 1 47.4783 
1 0 148 .530 1 
1 0 1 50 .58 1 8  
1 0 1 54.6429 
1 0 1 54.9799 
1 0 1 58 .4064 
1 0 1 59.9670 
1 0 1 6 1 .0379 
1 02 1 5 .0947 
1021 7.382 1 
1021 7.980 1 
10219.6694 
10220 . 1 749 
1 022 1 .0656 
1022 1 .9582 
1 0223 .3 1 57 
1 0224.4774 
1 0225. 1452 
10225.5277 
1 0225.9703 
1 0226. 1 0 1 7  
1 0229.2488 
1 023 1 . 1279 
1 023 1 .5593 
1 0232.2689 
1 023 3 . 1 098 
1 0233.6738 
1 0234.3767 
1 1 303.7706 
1 1 305.6368 
1 1306. 1 107 
1 1307.5452 
1 1 309.3732 
1 1 3 12. 1 764 
Veale / MHz 
9377 . 1 6 10  
9377.79 12 
9463 .33 1 7  
9465 . 1 352 






947 1 .8 1 68 
9474.3029 
9474.8297 




1 0 147.48 1 5  
1 0 1 48 .5233 
1 0 1 50.577 1 
1 0 1 54.6456 
1 0 1 54.9745 
1 0 1 58 .4007 
1 0 1 59.976 1 
1 0 1 6 1 .0364 




1 0220 . 1 780 
1 022 1 .068 1 
1 022 1 .9670 
1 0223 .3 1 57 
1 0224.4807 




1 0229.25 1 9  
1 023 1 . 1287 
1 023 1 .5567 
1 0232.2695 
1 0233 . 1 1 55  
I 0233.671 5 
1 0234.3843 
1 1 303.7802 
1 1 305.6309 
1 1 306. 1072 
1 1 307.5344 
1 1 309.3704 
1 1 3 12. 1 8 1 5  
Error / MHz 
0.0039 









0.00 1 6  
-0.0002 
-0.00 1 0  











0.00 1 5  





























]' K' K' F1 + -z Ff r K .. a e a 
6 1 5 6 7 6 0 
6 1 5 7 8 6 0 
6 1 5 5 4 6 0 
6 1 5 8 7 6 0 
6 1 5 5 5 6 0 
6 1 5 8 8 6 0 
6 1 5 6 5 6 0 
6 1 5 7 6 6 0 
6 1 5 7 6 6 0 
6 1 5 6 6 6 0 
6 1 5 7 7 6 0 
1 1 1 2 0 0 0 
1 1 1 2 3 0 0 
1 1 1 3 2 0 0 
1 1 1 3 4 0 0 
1 1 1 1 1 0 0 
1 1 1 1 2 0 0 
2 2 0 1 1 3 1 
2 2 0 4 2 3 1 
2 2 0 1 2 3 1 
2 2 0 4 5 3 1 
2 2 0 4 4 3 1 
2 2 0 2 2 3 1 
2 2 0 3 3 3 1 
2 2 0 3 4 3 1 
2 2 0 3 1 3 1 
2 2 0 3 2 3 1 
2 2 0 3 3 3 1 
7 1 6 8 9 7 0 
7 1 6 9 8 7 0 
7 1 6 9 9 7 0 
5 0 5 4 2 4 1 
5 0 5 6 7 4 1 
5 0 5 7 5 4 1 
5 0 5 4 5 4 1 
5 0 5 4 3 4 1 
5 0 5 7 8 4 1 
5 0 5 6 4 4 1 
5 0 5 5 6 4 1 
5 0 5 7 7 4 1 
5 0 5 6 6 4 1 
5 0 5 6 7 4 1 
5 0 5 5 5 4 1 
5 0 5 5 4 4 1 
5 0 5 6 5 4 1 
5 0 5 6 6 4 1 
5 0 5 4 4 4 1 
2 1 2 3 3 1 0 
2 l 2 3 3 l 0 
2 1 2 3 2 l 0 
2 1 2 3 4 l 0 
1 .. K .. F1 + -z F" e 2 
6 6 7 
6 7 8 
6 6 4 
6 8 7 
6 5 5 
6 8 8 
6 6 5 
6 6 6 
6 7 7 
6 7 6 
6 7 7 
0 2 1 
0 2 3 
0 2 1 
0 2 3 
0 2 1 
0 2 3 
3 2 1 
3 5 3 
3 2 3 
3 5 6 
3 5 5 
3 3 3 
3 3 3 
3 4 5 
3 3 2 
3 4 3 
3 4 4 
7 8 9 
7 9 8 
7 9 9 
4 3 1 
4 6 7 
4 6 4 
4 3 4 
4 3 2 
4 6 7 
4 5 3 
4 4 5 
4 5 6 
4 6 6 
4 6 6 
4 4 4 
4 4 3 
4 5 4 
4 5 5 
4 5 4 
1 1 2 
l 3 2 
l 2 l 
l 3 4 
Vobs / MHz 
1 1 3 12 .94 1 9  
1 13 1 3 .679 1 
1 1 3 1 4.2 1 74 
1 13 14.5965 
1 1 3 14 .8552 
1 1 3 1 7.5249 
1 1 320.2 149 
1 1 320.8848 
1 1 32 1 .6790 
1 1 322. 1 756 
1 1323 .4802 
1 1 778.577 1 
1 1 780.9022 
1 1 784.002 1 
1 1 790.8825 
1 1 793.0846 
1 1 797.4 1 84 
1 1909.443 1 
1 1 9 10 .4 1 7 1  
1 19 1 0.9343 
1 1 9 1 3 .3652 
1 19 1 7.8996 
1 1 92 1 .3234 
1 192 1 .8804 
1 1 922.92 12  
1 1923 .2078 
1 1925.330 1 
1 1 926.5234 
1 2660.4700 
1 266 1 .5426 
1 2664.2 1 70 
14032.45 1 3  
1 4033.7378 





14038 .7 148 
14039.3566 
1404 1 .022 1 
14042.3754 
1 4042.6824 




1 56 1 7.5880 
1 56 1 7.9398 
1 56 1 8.7888 
1 56 1 9.6626 
Veale / MHz 
1 13 1 2.9470 
1 1 3 1 3 .6694 
1 1 3 14.22 12  
1 13 14 .59 1 5  
1 1 3 14.855 1 
1 1 3 1 7.524 1 
1 1 320.2092 
1 1 320.8870 
1 1321 .6766 
1 1 322. 1 667 
1 1 323 .4778 
1 1 778.5783 
1 1 780.9023 
1 1 784.0003 
1 1 790.8789 
1 1 793 .0822 
1 1 797.42 1 3  
1 1909.44 1 9  
1 19 1 0.4235 
1 19 1 0.9335 
1 19 1 3 .3663 
1 1 9 1 7.9006 
1 1 92 1 .3274 
1 1 92 1 .8868 
1 1922.9200 















1404 1 .0249 
14042.3695 
14042.679 1 




1 56 1 7.59 1 8  
1 56 1 7.9442 
1 561 8 .79 12  
1 56 1 9.65 1 6  












-0.00 12  
-0.000 1 







-0.00 1 0  
-0.00 1 0  
-0 .0039 
-0.0064 
0 .00 12 
0.0033 





0.00 1 3  
-0.0029 

















O.O l l O  
131 
Quantum numbers 
1' r K' K' Fi + -z F2 r K"' a e a 
2 1 2 3 4 1 0 
2 1 2 3 1 1 0 
2 1 2 2 3 1 0 
2 1 2 2 3 1 0 
2 1 2 4 5 1 0 
2 1 2 1 2 1 0 
2 1 2 4 2 1 0 
2 1 2 1 1 1 0 
2 1 2 1 1 1 0 
Quantum numbers 
1' r K' K' Fi + 7  F2 r K"' a e a 
1 1 0 1 1 1 0 
1 1 0 1 1 1 0 
1 1 0 3 1 1 0 
1 1 0 3 1 1 0 
1 1 0 3 4 1 0 
1 1 0 3 4 1 0 
1 1 0 3 2 1 0 
1 1 0 3 2 1 0 
1 1 0 3 2 1 0 
1 1 0 2 3 1 0 
1 1 0 2 3 1 0 
1 1 0 2 0 1 0 
2 1 1 1 1 2 0 
2 1 1 1 2 2 0 
2 1 1 4 2 2 0 
2 1 1 1 2 2 0 
2 1 1 4 2 2 0 
2 1 1 4 5 2 0 
2 1 1 4 3 2 0 
2 1 1 3 1 2 0 
2 1 1 3 4 2 0 
2 1 1 3 2 2 0 
2 l 1 3 4 2 0 
2 l l 3 2 2 0 
2 1 1 3 3 2 0 
3 1 2 2 0 3 0 
3 l 2 2 l 3 0 
3 l 2 2 l 3 0 
3 l 2 5 6 3 0 
3 1 2 2 2 3 0 
3 l 2 5 6 3 0 
3 1 2 2 2 3 0 
3 1 2 5 4 3 0 
3 l 2 5 4 3 0 
3 l 2 5 4 3 0 
1"' 
K"' Fi + -z F"' e 2 
1 2 3 
1 2 0 
1 1 2 
1 3 2 
1 3 4 
1 1 1 
1 1 2 
1 1 2 
1 2 2 
1"' 
K"' Fi + 2  F{ e 
1 3 2 
1 2 1 
1 2 2 
1 2 0 
1 3 4 
1 2 3 
1 1 1 
1 3 3 
1 2 1 
1 1 2 
1 3 4 
1 3 1 
2 1 1 
2 1 1 
2 2 3 
2 4 3 
2 3 2 
2 4 5 
2 4 3 
2 4 2 
2 3 3 
2 1 2 
2 3 4 
2 2 l 
2 3 4 
3 2 l 
3 2 0 
3 2 2 
3 5 6 
3 2 2 
3 4 5 
3 3 3 
3 2 3 
3 5 4 
3 4 5 




1 5627. 1 744 
1 5628 :9 1 1 6 
1 563 1 .4592 
1 5632.6476 
1 5633 .9295 
1 5634.6040 
Vobs / MHz 
7922.68 1 1  
7922.9638 
7926.7025 





7930 .5617  




82 10 .8 129 
821 3 .0366 
82 1 3 .9368 
82 14.452 1 
82 1 6.8028 
821 8 .5059 
8223 . 1 337 
8223 .5 1 89 
8224.0702 

















1 5627. 1 778 
1 5628.9074 


















8210 .8 122 
82 1 3 .0381  
82 1 3 .9391  
82 14.4535 
821 6.803 1 
82 1 8 .5082 
8223 . 1 323 
8223 .5 1 54 
8224.0705 
8225 . 1 62 1  
8225.7083 
8226.7230 
8658.4 1 1 6  









Error / MHz 
-0.0050 
-0.0002 




0.00 1 9  
-0 .0045 
-0.0053 
Error / MHz 
-0.00 1 8  





0 .00 1 5  
0.00 1 6  
0.0003 





-0.00 14  
-0.0022 
-0.00 1 3 
-0.0003 
-0.0024 












0.00 1 7  
-0.00 1 0  
0 .0002 




]' K' K' Fi + z- F{ ]" K" a c a 
3 1 2 3 3 3 0 
3 1 2 3 3 3 0 
3 1 2 3 3 3 0 
3 1 2 4 5 3 0 
3 1 2 4 3 3 0 
3 1 2 4 4 3 0 
4 0 4 3 2 3 1 
4 0 4 6 7 3 1 
4 0 4 6 5 3 1 
4 0 4 5 4 3 1 
4 0 4 5 5 3 1 
4 1 3 6 7 4 0 
4 1 3 3 3 4 0 
4 1 3 6 5 4 0 
4 1 3 5 6 4 0 
4 1 3 5 6 4 0 
4 1 3 4 4 4 0 
4 1 3 5 4 4 0 
4 1 3 5 5 4 0 
4 1 3 5 5 4 0 
4 1 3 5 5 4 0 
5 1 4 4 2 5 0 
5 1 4 7 8 5 0 
5 1 4 4 3 5 0 
5 1 4 4 4 5 0 
5 1 4 7 6 5 0 
5 1 4 6 7 5 0 
5 1 4 5 4 5 0 
5 1 4 6 5 5 0 
1 1 1 2 0 0 0 
1 1 1 2 3 0 0 
1 1 1 2 2 0 0 
1 1 1 3 4 0 0 
1 1 1 3 1 0 0 
1 1 1 1 2 0 0 
5 0 5 4 3 4 1 
5 0 5 7 8 4 1 
5 0 5 4 4 4 1 
5 0 5 7 6 4 1 
5 0 5 6 6 4 1 
5 0 5 6 7 4 1 
5 0 5 6 5 4 I 
5 0 5 6 6 4 1 
2 1 2 3 3 1 0 
2 1 2 3 2 1 0 
2 1 2 3 4 I 0 
2 1 2 3 4 1 0 
2 1 2 3 1 1 0 
2 1 2 4 3 I 0 
2 1 2 4 5 1 0 
2 1 2 4 2 1 0 
1" 
K" Fi + z- F[ c 
3 2 2 
3 5 4 
3 4 4 
3 4 5 
3 4 3 
3 4 4 
3 2 1 
3 5 6 
3 5 4 
3 4 3 
3 4 4 
4 6 7 
4 3 3 
4 6 5 
4 6 7 
4 5 6 
4 5 5 
4 5 4 
4 5 6 
4 4 4 
4 5 5 
5 4 2 
5 7 8 
5 4 3 
5 4 4 
5 7 6 
5 6 7 
5 5 4 
5 6 5 
0 2 1 
0 2 3 
0 2 1 
0 2 3 
0 2 1 
0 2 3 
4 3 2 
4 6 7 
4 3 3 
4 6 5 
4 5 6 
4 5 6 
4 5 4 
4 5 5 
1 3 4 
1 2 1 
1 3 4 
I 2 3 
1 2 0 
I 1 2 
1 3 4 
1 1 1 
Vobs / MHz 
8670.090 1 
8670.4264 
867 1 .3857 
867 1 .8638 
8674.0328 






9286. 1 490 
9288 .80 10  
9290 . 1359  
9292.7445 
9294 . 1 832 
9295 .7704 




1 0 100.9989 
1 0 1 04.8775 
1 0 105 .532 1 
1 0 108 .7602 
1 0 1 09.549 1 
1 0 1 1 3 .0638 
1 0 1 14.9302 
1 0 1 1 6.6703 
1 1 67 1 .6 109 
1 1 673 .7105 
1 1 676.5783 
1 1 682.4 1 78 
1 1 684.4668 
1 1 688. 1 1 33 
1 3 5 1 8 .4079 
1 3 5 1 9.3299 
13520.854 1 
1 352 1 .9290 
1 3523.6708 




1 5423 .6736 
1 5424.4644 
1 5424.8566 
1 5425 . 1 574 
1 5430.7 1 1 1  
1 5432.5679 
1 5435 . 1 774 
Veale ! MHz 
8670.0884 
8670.4266 
867 1 .383 1  
867 1 .86 1 5  
8674.0335 





907 1 .2797 
9286 . 1465 
9288.8036 
9290 . 1 369 
9292.7456 
9294 . 1 845 
9295.7659 
9297 . 1462 
9297.6126 
9297.79 1 7  
9298 .3432 
1 0 1 00.9933 
1 0 104.8803 
1 0 105.5325 
1 0 1 08 .7582 
1 0 1 09.549 1 
1 0 1 1 3 .0655 
1 0 1 14.9306 
1 0 1 1 6.6705 
1 1 67 1 .6124 
1 1 673 .7 104 
1 1 676.578 1 
1 1 682.4149 
1 1 684.4662 
1 1 688. 1 1 33 
1 3 5 1 8 .4033 








1 5423 .675 1 
1 5424.4659 
1 5424.8550 
1 5425 . 1 586 
1 5430.7 10 1  
1 5432.5634 
1 543 5. 1 733 
Error / MHz 





0 .00 14 
0.00 10  
-0.0005 





-0.00 1 0  
-0.00 1 1  
-0.00 1 2  
0 .0045 







0.00 19  
0.0000 
-0.00 1 8  
-0.0003 
-0 .0003 







0 .002 1 
-0.0055 






-0.00 1 5  
-0.00 1 6  
0.00 1 6  
-0.00 12  





1' 1"' Vohs / MHz Veale I MHz Error / MHz J' K' K' Fi + 2 Ff r K"' K"' Fi + 2 F{ a e a e 
2 l 2 l l l 0 l l 2 l 5436.95 l l  1 5436.9548 -0.0038 
2 1 2 l 1 1 0 l 2 2 1 5437.4643 1 5437.465 1 -0.0008 
Quantum numbers 
1' 1"' Vohs / MHz Veale / MHz Error / MHz J' K' K' Fi + 1 Ff. r K"' K"' Fi + 7 
F{ a e a e 
2 1 1 l 1 2 0 2 l l 8085 . 1 006 8085 .0956 0.0050 
2 l l l 1 2 0 2 2 2 8086.5 133  8086.5 1 69 -0.0037 
2 1 1 1 2 2 0 2 l 2 8087.4259 8087.4251  0 .0008 
2 1 1 4 5 2 0 2 4 5 809 1 .8896 8091 .8894 0.0003 
2 l 1 4 5 2 0 2 3 4 8092.6869 8092.68 12  0 .0057 
2 1 1 4 4 2 0 2 4 4 8095.9868 8095 .9891 -0.0023 
2 l l 3 4 2 0 2 3 3 8 1 02.3002 8 1 02.298 1 0.002 1 
2 1 1 3 4 2 0 2 3 4 8 1 02.5395 8 1 02.5408 -0.00 1 2  
2 1 1 3 3 2 0 2 3 3 8 1 04.27 1 6  8 1 04.2744 -0.0028 
2 1 1 3 3 2 0 2 3 4 8 1 04.5 146 8 1 04.5 1 7 1  -0.0024 
3 1 2 2 1 3 0 3 4 2 858 1 .9 1 66 858 1 .9 1 59 0 .0007 
3 1 2 5 6 3 0 3 5 6 8585 .4272 8585 .4307 -0.0036 
3 1 2 5 4 3 0 3 3 4 8589.39 15  8589.3854 0.0061 
3 1 2 3 3 3 0 3 4 2 8593.3926 8593.3896 0.0030 
3 1 2 3 3 3 0 3 4 4 8595 . 1 298 8595 . 1 353 -0.0055 
3 1 2 4 5 3 0 3 4 5 8595.74 1 8  8595.7388 0.0030 
3 1 2 4 3 3 0 3 4 3 8598 .4898 8598 .4922 -0.0024 
1 1 1 2 0 0 0 0 2 1 l l672.605 1 l l672.6078 -0.0027 
1 1 1 2 3 0 0 0 2 3 1 1 675 .277 1 1 1675 .2776 -0.0006 
1 1 1 2 2 0 0 0 2 1 l l 678 .9 173 1 1678.9 1 6 1  0.00 12 
1 1 1 3 4 0 0 0 2 3 l l 686.33 14  l l686.3275 0 .0039 
1 1 1 3 1 0 0 0 2 1 1 1 688 .9239 1 1688 .9257 -0.00 1 8  
2 1 2 3 3 1 0 1 2 2 1 5580.9 1 0 1  1 5580.9 136  -0.0036 
2 1 2 3 2 1 0 1 2 1 1 558 1 . 8020 1 558 1 .8045 -0.0026 
2 1 2 3 4 1 0 1 2 3 1 5583 .2962 1 5583 .2985 -0.0024 
2 1 2 4 3 1 0 1 1 2 1 5590.74 1 1  1 5590.7396 0.00 1 5  
2 1 2 4 5 1 0 1 3 4 1 5593.0655 1 5593 .0663 -0.0009 
2 1 2 4 2 1 0 1 3 1 1 5596.338 1  1 5596.3335 0 .0046 
2 1 2 4 2 1 0 1 2 2 1 5596.7 1 1 9 1 5596.7 1 50 -0.003 1 
2 1 1 1 2 2 0 2 1 1 8086.7396 8086.74 1 1  -0 .00 1 5  
2 1 1 3 1 2 0 2 2 1 8 1 02 . 1 1 1 8 8 1 02. 1 1 73 -0 .0055 
2 1 1 3 2 2 0 2 3 1 8 1 03.4265 8 103 .4223 0.0042 
2 1 1 3 2 2 0 2 4 3 8 103 . 1 272 8 103 . 1 348 -0.0076 
3 1 2 2 2 3 0 3 4 2 8586.0036 8586.0086 -0.0050 
3 1 2 2 2 3 0 3 3 3 8587. 1 1 62 8587 . 1 067 0 .0096 
2 1 2 4 4 1 0 1 3 3 1 5589.0808 1 5589.0744 0.0064 
4 1 3 6 5 4 0 4 4 5 9280.8255 9280 .8342 -0.0087 
4 1 3 6 4 4 0 4 6 4 9273 .4289 9273 .4297 -0.0008 
4 1 3 6 7 4 0 4 6 7 9275 .7742 9275 .7675 0 .0067 
4 0 4 6 7 3 1 3 5 6 1001 9.76 1 0  1 00 1 9.7626 -0.00 1 6  
4 0 4 4 3 3 1 3 3 3 1 0026. 1 33 1 1 0026. 1 3 1 5  0.00 16  
4 1 3 3 4 4 0 4 3 4 9273 .2891 9273 .2876 0.00 1 5  
134 
Quantum numbers 
1' 1 .. Vobs / MHz Veale / MHz Error / MHz r K' K' Fi + z-
Ff. r K,,. Ku Fi + z-
F" a e a e 2 
1 1 0 1 1 1 0 1 2 2 7768 .7522 7768 .7554 -0.0032 
1 1 0 1 1 1 0 1 2 1 7769 . 1265 7769 . 1246 0 .00 1 9  
1 1 0 3 1 1 0 1 1 1 7772.33 12 7772.3373 -0 .006 1 
1 1 0 3 1 1 0 1 2 2 7772.5306 7772.5260 0.0046 
1 1 0 3 1 1 0 1 3 2 7772.7702 7772 .773 1 -0.0028 
1 1 0 3 1 1 0 1 2 0 7772.9608 7772.9660 -0 .0052 
1 1 0 3 4 1 0 1 3 4 7775.0412  7775.0398 0.00 14 
1 1 0 3 4 1 0 1 2 3 7775 .5 1 75 7775 .5 146 0.0029 
1 1 0 3 2 1 0 1 3 3 7778.0392 7778 .0373 0.00 1 8  
1 1 0 3 2 1 0 1 2 1 7778 .4 127 7778 .4 1 02 0.0025 
1 1 0 2 2 1 0 1 1 2 7782.5529 7782.5556 -0.0027 
1 1 0 2 2 1 0 1 1 1 7782.7921 7782.7837 0 .0084 
1 1 0 2 2 1 0 1 2 2 7782.9764 7782.9725 0 .0040 
1 1 0 2 3 1 0 1 1 2 7785.9972 7785.9960 0.00 12 
1 1 0 2 3 1 0 1 3 4 7786.2873 7786.2912 -0.0039 
1 1 0 2 1 1 0 1 3 1 7786.475 1 7786.4799 -0.0048 
1 1 0 2 0 1 0 1 1 1 7788.62 1 8  7788.6 1 74 0 .0044 
135 
Appendix 2 :  Measured microwave transitions of gauche-1C2FE 
Quantum numbers 
r K' K' 1' r KH KH l
H Vobs / MHz Veale / MHz Error / MHz 
a e F1 + 2 a e F1 + 2 
3 0 3 4 2 1 1 3 7289.0564 7289.0643 -0.0079 
3 0 3 3 2 1 1 2 7293 .500 1 7293 .50 1 7  -0.00 1 7  
3 0 3 5 2 1 1 4 7297.3834 7297.374 1  0 .0094 
3 0 3 2 2 1 1 1 730 1 .7790 730 1 .7948 -0.0 158  
5 1 5 6 5 0 5 6 7765.6073 7765.6 109 -0.0036 
5 1 5 5 5 0 5 5 7766.5767 7766.58 1 5  -0.0049 
5 1 5 7 5 0 5 7 7769.0090 7769.0055 0.0035 
5 1 5 4 5 0 5 4 7769.9343 7769.9267 0 .0076 
3 0 3 4 2 1 2 4 8526.8492 8526.8490 0.0002 
3 0 3 3 2 1 2 4 8529.6994 8529.7049 -0.0055 
3 0 3 2 2 1 2 1 8530.2558 8530 .2542 0.00 1 6  
3 0 3 3 2 1 2 2 853 1 .93 1 6  853 1 .9289 0 .0028 
3 0 3 5 2 1 2 4 8532.9570 8532 .9544 0 .0026 
3 0 3 4 2 1 2 3 8534.683 1 8534.6799 0.0032 
3 0 3 3 2 1 2 3 8537.5365 8537.5358 0 .0007 
3 0 3 2 2 1 2 2 8538 .0679 8538.0664 0.00 1 6  
3 0 3 2 2 1 2 3 8543 .6707 8543.6733 -0.0026 
4 1 4 5 4 0 4 5 8608 . 1 4 1 8  8608 . 1 407 0.00 1 1  
4 1 4 4 4 0 4 4 8609.364 1  8609.3 6 1 5  0.0026 
4 1 4 6 4 0 4 6 861 1 .6006 861 1 .6032 -0.0026 
4 1 4 3 4 0 4 3 8612 .7875 8612.7889 -0.00 14 
3 2 1 2 4 1 4 3 9054. 1 107 9054, 1 14 1  -0 .0034 
3 2 1 3 4 1 4 3 9054.6129 9054.6 1 32 -0.0004 
3 2 1 5 4 1 4 6 9057.8276 9057.8286 -0.00 1 1  
3 2 1 3 4 1 4 4 9064.55 1 3  9064.5523 -0 .00 1 0  
3 2 1 4 4 1 4 4 9064.7570 9064.7587 -0 .00 1 6  
3 2 1 5 4 1 4 5 9067.7896 9067.7830 0 .0067 
3 2 1 4 4 1 4 5 9068.2567 9068 .2590 -0.0023 
3 1 3 3 3 0 3 2 933 1 .6939 933 1 .6994 -0.0056 
3 1 3 4 3 0 3 3 9333 .4848 9333 .4883 -0 .003 5 
3 1 3 4 3 0 3 4 9336.3453 9336.3442 0.00 1 1 
3 1 3 3 3 0 3 3 9337.8378 9337.8369 0 .0009 
3 1 3 5 3 0 3 5 9339.54 16  9339.5390 0 .0026 
3 1 3 3 3 0 3 4 9340.6927 9340.6928 -0.0002 
3 1 3 2 3 0 3 2 9340.9874 9340.9891 -0.00 1 7  
3 1 3 2 3 0 3 3 9347 . 1 306 9347. 1266 0.004 1 
6 1 5 5 5 2 4 4 9599.2706 9599.2664 0.0042 
6 I 5 8 5 2 4 7 9600 . 1400 9600 . 1 380 0 .0020 
6 1 5 6 5 2 4 5 9602 . 1 558 9602 . 1 555 0 .0003 
6 1 5 7 5 2 4 6 9602.9238 9602.9239 -0 .000 1 
2 1 2 3 2 0 2 4 9909.2236 9909.2230 0.0006 
2 1 2 2 2 0 2 1 9910 .5495 9910 .5478 0.00 1 7  
2 1 2 3 2 0 2 2 9910.79 1 6  9910 .7909 0 .0006 
2 1 2 3 2 0 2 3 99 1 5 .0008 991 5 .0008 0 .0000 
2 1 2 2 2 0 2 2 9916 .3975 9916 .3978 -0 .0003 
2 1 2 4 2 0 2 4 991 7.0562 99 17 .0538 0.0023 
2 1 2 1 2 0 2 1 991 8 .3540 99 1 8 .3600 -0.0060 
2 1 2 2 2 0 2 3 9920.6068 9920.6077 -0.0009 
2 1 2 4 2 0 2 3 9922.8347 9922.83 1 6  0.003 1 
2 1 2 1 2 0 2 2 9924.2089 9924.2 1 00 -0.00 1 1 
1 1 1 2 1 0 1 1 1 0309.6578 10309.6559 0.00 1 9  
1 1 1 1 1 0 1 1 1 03 1 3 .594 1  103 1 3 .5883 0.0059 
1 1 1 2 1 0 1 3 103 14. 1 543 1 03 14. 1 547 -0.0003 
1 1 1 3 1 0 1 3 103 1 6.3609 1 03 1 6.3591  0.00 1 8  
1 1 1 2 1 0 1 2 103 1 9.8059 1 03 1 9. 80 1 8  0.0042 
1 1 1 3 1 0 1 2 10322.0072 1 0322.0062 0.00 10  
1 1 0 1 1 0 1 2 10726.5 127 1 0726.5 148 -0.002 1 
1 1 0 3 1 0 1 3 1 0727. 1465 1 0727. 1452 0.00 1 3  
136 
Quantum numbers 
r K' K' 1' ]// K,, a e Fi + -z a 
1 1 0 2 1 0 
1 1 0 3 1 0 
1 1 0 2 1 0 
1 1 0 2 1 0 
2 1 1 1 2 0 
2 1 1 2 2 0 
2 1 1 4 2 0 
2 1 1 3 2 0 
2 1 1 4 2 0 
2 1 1 2 2 0 
2 1 1 3 2 0 
3 1 2 2 3 0 
3 1 2 3 3 0 
3 1 2 5 3 0 
3 1 2 4 3 0 
3 1 2 2 3 0 
3 1 2 3 3 0 
3 1 2 4 3 0 
3 1 2 5 3 0 
3 1 2 3 3 0 
3 1 2 4 3 0 
2 2 1 1 3 1 
2 2 1 4 3 1 
2 2 1 4 3 1 
2 2 1 2 3 1 
2 2 1 2 3 1 
2 2 1 3 3 1 
2 2 1 3 3 1 
2 1 2 3 1 1 
2 1 2 3 1 1 
2 1 2 2 1 1 
2 1 2 2 1 1 
2 1 2 1 1 1 
2 1 2 1 1 1 
2 0 2 2 1 0 
2 0 2 3 1 0 
2 0 2 2 1 0 
2 0 2 4 1 0 
2 0 2 2 1 0 
2 0 2 1 1 0 
4 0 4 5 3 1 
4 0 4 4 3 1 
4 0 4 6 3 1 
4 1 3 3 4 0 
4 0 4 3 3 1 
4 1 3 6 4 0 
2 1 1 1 1 1 
4 1 3 4 4 0 
2 1 1 2 1 1 
4 1 3 5 4 0 
2 1 1 4 1 1 
2 1 1 2 1 1 
2 1 1 3 1 1 
2 1 1 1 1 1 
2 1 1 2 1 1 
5 1 4 5 5 0 
5 1 4 4 5 0 
5 1 4 6 5 0 
5 1 4 7 5 0 
5 1 4 5 5 0 
5 1 4 4 5 0 
5 1 4 6 5 0 


































































































































Vobs / MHz 
1 0730.4657 
1 0732.7953 
1 0734.961 8  
10740.6096 
1 1 146. 8 1 7 1  
1 1 148 .9755 
1 1 1 52.6344 
1 1 1 56.4082 
1 1 1 58 .4 147 
1 1 1 59.0336 
1 1 1 60.6 1 83  
1 1 809.5409 
1 1 8 1 0.2468 
1 1 8 1 2.7542 
1 1 8 1 3 .4773 
1 1 8 1 5 .6778 
1 1 8 1 6.3844 
1 1 8 1 6.73 1 9  
1 1 8 1 8 .8627 
1 1 8 1 9.2385 
1 1 8 1 9.5859 
1 1 835 .54 14  
1 1 838 . 5 128 
1 1 839.2361  
1 1 840.469 1 
1 1 84 1 . 1 768 
1 1 844. 1 5 1 4  
1 1 844.4979 
1 1 9 1 3 .487 1 
1 19 1 5 .6872 
1 1 9 1 7.3605 
1 19 1 9.0883 
1 1 925. 1 750 
1 1929. 1045 
123 14.5529 
1 23 14.8399 







1 273 1 .7698 
12733 .228 1 
12734.0959 
1 2736.75 1 3  
1 2738 .3473 
12738.9078 
12740.6468 






1 3948 . 1495 
13949.65 1 6  
13949.9678 
13954.7 199 
1 3955. 1 1 9 1  
1 3956.6 155  
143 1 2.4538 




10740.6 1 14 
1 1 146. 8 1 94 
1 1 148 .9750 
1 1 1 52.634 1 
1 1 1 56.4065 
1 1 1 58 .4 1 1 9  
1 1 1 59.0348 
1 1 1 60 .6 163 
1 1 809.54 1 1 
1 1 8 1 0.2457 
1 1 8 1 2.7525 
1 1 8 1 3 .4783 
1 1 8 1 5 .6786 
1 1 8 1 6.3832 
1 1 8 1 6.7277 
1 1 8 1 8 .8579 
1 1 8 1 9.2391  
1 1 8 1 9.5837 
1 1 835 .54 1 1 
1 1 838 . 5 100 
1 1 839.2358 
1 1 840.47 1 8  
1 1 84 1 . 1 765 
1 1 844. 1 539 
1 1 844.4984 
1 1 9 1 3 .4802 
1 1 9 1 5 .6846 
1 1 9 1 7.3591  
1 1 9 1 9.087 1 
1 1925 . 1 7 1 2  
1 1 929. 1037 
1 23 14 .5495 
123 1 4.8385 
123 1 9.0484 
1 2320.6 1 63 
12324.6954 
1 2330.5454 
1 2723 .39 1 7  
1 2726.0 1 5 8  
1 2730.6094 
1 273 1 .77 14  
1 2733 .2320 
1 2734.0971 
1 2736.7535 
1 2738 .3462 
1 2738 .9091  
12740.6438 
12746. 1052 
1 2746.728 1 




1 3948 . 1486 
13949.6561  
1 3949.9667 
1 3954.7 1 77 
1 3955. 1227 
1 3956.6 164 
143 1 2.4493 








0.00 1 7  
0 .0028 
-0.00 1 2  
0 .0020 
-0.0002 
0.00 1 1 
0.00 1 7  
-0.00 1 0  
-0.0008 



















0 .00 14 
0.00 1 1 
0.0044 
0.0028 




-0.00 1 6  
-0 .0040 
-0.00 1 3  
-0.002 1 
0.00 12 
-0 .00 1 3  
0 .003 1 
-0.000 1 
-0.0047 
-0.00 1 6  
-0 .0070 











r K' K' 1' ]" K" K" 1" Vohs / MHz Veale I MHz Error / MHz a e F1 + 2  a e F1 + 2  
2 2 0 1 3 1 3 2 143 1 6.0370 143 1 6.0406 -0.0036 
2 2 0 2 3 1 3 2 1432 1 .8657 1432 1 . 8694 -0.0037 
2 2 0 4 3 1 3 5 14324.5325 14324.5342 -0.00 1 7  
2 2 0 2 3 1 3 3 1433 1 . 1 553 1433 1 . 1 59 1 -0.0038 
2 2 0 4 3 1 3 4 14333 .8378 14333 .8343 0.0035 
2 2 0 3 3 1 3 3 14335.3208 14335.3230 -0.0022 
2 2 0 3 3 1 3 4 14339.6683 14339.67 1 6  -0.0034 
5 3 3 4 6 2 4 5 14945 .8477 14945 .8448 0 .0029 
5 3 3 7 6 2 4 8 14946.3078 14946.308 1 -0.0003 
5 3 3 6 6 2 4 7 1 4948 .33 5 1  14948.3342 0 .0008 
4 0 4 5 3 1 3 5 1 5 1 97.330 1 1 5 1 97.33 1 0  -0.0009 
4 0 4 3 3 1 3 2 1 520 1 .7853 1 520 1 .7840 0.00 1 3  
4 0 4 6 3 1 3 5 1 5203 .8252 1 5203.8229 0 .0023 
4 0 4 4 3 1 3 3 1 5204.5630 1 5204.5620 0.00 10  
4 0 4 5 3 1 3 4 1 5206.6326 1 5206.63 1 1  0.00 1 5  
4 0 4 4 3 1 3 4 1 5208 .9084 1 5208 .9106 -0.0022 
4 0 4 3 3 1 3 3 1 52 1 1 .0728 1 52 1 1 .0737 -0.0009 
4 0 4 3 3 1 3 4 1 52 1 5 .4 153  1 52 1 5 .4223 -0.0070 
6 1 5 6 6 0 6 5 1 5495 .6 169 1 5495.6206 -0 .0036 
6 1 5 5 6 0 6 5 1 5496.3 1 1 1  1 5496.3 1 1 8  -0.0007 
6 1 5 7 6 0 6 8 1 5497.255 1 1 5497.2553 -0.0002 
6 1 5 8 6 0 6 8 1 5497.9 163 1 5497.9 140 0.0023 
6 1 5 6 6 0 6 6 1 5503. 1294 1 5503 . 128 1 0.00 12 
6 1 5 5 6 0 6 6 1 5503 . 8 1 85  1 5503 . 8 1 94 -0 .0009 
6 1 5 7 6 0 6 7 1 5504.755 1 1 5504.7549 0 .0002 
5 3 2 4 6 2 5 5 1 5784.9875 1 5784.9895 -0.0020 
5 3 2 7 6 2 5 8 1 5785.8949 1 5785.89 10  0.0039 
5 3 2 5 6 2 5 6 1 5788.8956 1 5788.8952 0 .0004 
5 3 2 6 6 2 5 7 1 5789. 8 1 90 1 5789.8205 -0.00 14  
1 1 1 2 0 0 0 2 1 648 1 .4340 1 648 1 .4343 -0 .0004 
1 1 1 3 0 0 0 2 1 6483.64 1 5  1 6483.6388 0 .0028 
1 1 1 1 0 0 0 2 1 6485.3654 1 6485.3668 -0 .00 1 3  
1 1 0 1 0 0 0 2 1 6888 . 1 4 17  1 6888 . 1474 -0 .0057 
1 1 0 3 0 0 0 2 1 6894.4257 1 6894.4249 0 .0008 
1 1 0 2 0 0 0 2 1 6902.2422 1 6902.2440 -0.00 1 8  
Table 2 :  37Cl isotopologue (12CH2
37Cl-12CH2F) 
Quantum numbers 
r K' K' 1' ]" K" K" 1" Vohs / MHz Veale / MHz Error / MHz a e F1 + 2  a c F1 + 2  
3 0 3 4 2 1 2 4 8060.5346 8060.5343 0 .0003 
3 0 3 2 2 1 2 1 8063 .3613  8063 .3594 0.00 1 9  
3 0 3 3 2 1 2 2 8064.595 1 8064.5933 0.00 1 8  
3 0 3 5 2 1 2 4 8065.4564 8065.4533 0.003 1 
3 0 3 4 2 1 2 3 8066.7223 8066.7 1 92 0 .0032 
3 0 3 3 2 1 2 3 8069.02 1 1  8069.0 1 92 0 .0020 
3 0 3 2 2 1 2 2 8069.5340 8069.5342 -0 .0002 
6 1 5 5 5 2 4 4 8520.9285 8520.93 10  -0.0025 
6 1 5 8 5 2 4 7 8521 .7283 8521 .7290 -0.0007 
6 1 5 6 5 2 4 5 8523 .2929 8523 .2932 -0.0003 
6 1 5 7 5 2 4 6 8523.73 12  8523 .7371 -0.0059 
3 2 I 2 4 1 4 3 960 1 .3269 960 1 .3270 -0.000 1 
3 2 1 5 4 1 4 6 9604.2654 9604.2626 0 .0029 
3 2 1 3 4 1 4 4 9609.5832 9609.5829 0.0003 
3 2 1 4 4 1 4 5 9612.5 1 54 9612.5 1 50 0 .0004 
1 1 0 1 1 0 1 1 1 0733 .9939 10733.9954 -0 .00 1 5  
1 1 0 1 I 0 I 2 1 0742.2 1 6 1  1 0742.2 1 90 -0.0029 
1 1 0 3 1 0 1 3 1 0742.6084 1 0742.608 1 0 .0003 
I 1 0 2 1 0 1 1 1 0745. 1 326 1 0745. 1 3 1 5  0.00 1 1 
1 1 0 3 1 0 1 2 1 0747. 1 844 1 0747. 1 834 0 .00 10  
138 
Quantum numbers 
r K' K' 1' r K" K" 1
" Vohs ! MHz Veale / MHz Error / MHz 
a e F1 + 2  a e F1 + 2 
1 1 0 2 1 0 1 3 1 0748 .7788 1 0748 .7798 -0.00 1 0  
1 1 0 2 1 0 1 2 1 0753.355 1 1 0753 .355 1 0.0000 
2 1 1 1 2 0 2 1 1 1 145 .9573 1 1 145 .9575 -0.0002 
2 1 1 2 2 0 2 1 1 1 147.5505 1 1 147.5500 0 .0005 
2 1 1 4 2 0 2 4 1 1 1 50 .5476 1 1 1 50 .5484 -0.0008 
2 1 1 3 2 0 2 2 1 1 1 53 .4459 1 1 1 53 .4420 0 .0039 
2 1 1 4 2 0 2 3 1 1 1 55.2223 1 1 1 55 .220 1 0 .0022 
2 1 1 2 2 0 2 3 1 1 1 55 .6778 1 1 1 55 .6796 -0.00 1 9  
2 1 1 3 2 0 2 3 1 1 1 56.8445 1 1 1 56.843 1 0.00 14 
3 1 2 2 3 0 3 2 1 1 780. 1 376 1 1 780. 1 3 8 1  -0.0005 
3 1 2 5 3 0 3 5 1 1 782.65 1 1 1 1 782.6508 0.0004 
3 1 2 4 3 0 3 5 1 1 783 .0807 1 1 783.08 1 0  -0.0003 
3 1 2 2 3 0 3 3 1 1 785 .0767 1 1 785 .0790 -0.0023 
3 1 2 3 3 0 3 3 1 1 785 .496 1 1 1 785.4957 0 .0004 
3 1 2 4 3 0 3 3 1 1785 .7005 1 1 785 .7000 0 .0006 
3 1 2 5 3 0 3 4 1 1 787.5722 1 1 787.5698 0 .0025 
3 1 2 3 3 0 3 4 1 1 787.7973 1 1 787.7957 0.00 1 6  
3 1 2 . 4  3 0 3 4 1 1 788 .00 1 3  1 1 787.9999 0.00 1 3  
2 0 2 2 1 0 1 1 1 2033 .5448 1 2033 .5448 0 .0000 
2 0 2 3 1 0 1 3 1 2033 .7936 1 2033 .7920 0.00 1 6  
2 2 1 1 3 1 2 2 1 2379.28 14  12379.2793 0 .0020 
2 2 1 4 3 1 2 5 12382.3493 123 82.3486 0 .0007 
2 2 1 2 3 1 2 3 12383 .4279 12383 .4303 -0.0024 
2 2 1 2 3 1 2 2 12383.8428 12383 .8470 -0.004 1 
2 2 1 3 3 1 2 4 12386.4873 12386.4909 -0.0036 
2 2 1 3 3 1 2 3 12386.6975 12386.695 1 0 .0024 
2 1 1 1 1 1 0 2 12439. 10 12  1 2439.0993 0.00 1 9  
2 1 1 2 1 1 0 2 1 2440.6900 1 2440.69 1 8  -0.00 1 8  
2 1 1 3 1 1 0 2 1244 1 . 8565 1244 1 .8553 0 .00 12  
2 1 1 4 1 1 0 3 12446.4052 12446.4040 0.00 12  
2 1 1 3 1 1 0 3 12448 .0268 12448 .027 1 -0.0003 
2 1 1 1 1 1 0 1 12450.2380 12450.2354 0 .0025 
2 1 1 2 1 1 0 1 1245 1 . 8294 1245 1 . 8279 0.00 1 5  
4 1 3 3 4 0 4 3 1266 1 .5899 1 266 1 .5945 -0.0045 
4 1 3 6 4 0 4 6 12663 .3978 12663 .3992 -0.00 14  
4 1 3 4 4 0 4 4 12666.7205 12666.7 158  0 .0046 
4 1 3 5 4 0 4 5 12668.50 1 8  1 2668.50 1 9  -0.000 1 
5 1 4 5 5 0 5 4 1 382 1 .7204 1 382 1 .7 1 90 0.00 14 
5 1 4 4 5 0 5 4 1 3822. 1 994 1 3822. 1 998 -0.0005 
5 1 4 6 5 0 5 7 1 3823 .2087 1 3823 .2 102 -0.00 1 6  
5 1 4 7 5 0 5 7 1 3823.5965 1 3 823.5957 0.0008 
5 1 4 5 5 0 5 5 1 3827.2835 1 3827.2857 -0.0022 
5 1 4 4 5 0 5 5 1 3827.7664 1 3827.7666 -0.0002 
5 1 4 6 5 0 5 6 1 3828.7699 1 3828.7674 0 .0025 
5 1 4 7 5 0 5 6 1 3829. 1 555 1 3829. 1 528 0 .0027 
4 0 4 5 3 1 3 5 14574.03 1 8  14574.036 1 -0.0043 
4 0 4 3 3 1 3 2 14577.64 10  14577.6425 -0.00 1 5  
4 0 4 6 3 1 3 5 14579.243 1 14579.2433 -0.0002 
4 0 4 4 3 1 3 3 14579.7845 14579.7860 -0.00 1 5  
4 0 4 5 3 1 3 4 1458 1 .4074 1458 1 .408 1 -0.0007 
4 0 4 4 3 1 3 4 14583 .2283 14583.23 14  -0.003 1 
4 0 4 3 3 1 3 3 14585 .0066 14585.0087 -0.002 1 
2 2 0 1 3 1 3 2 1476 1 .6296 1476 1 .6300 -0.0004 
2 2 0 2 3 1 3 2 14766.3462 14766.34 1 8  0.0045 
2 2 0 4 3 1 3 5 14768.4332 14768.4325 0 .0007 
2 2 0 2 3 1 3 3 14773 .7067 14773 .7080 -0.00 1 3  
2 2 0 4 3 1 3 4 14775.7993 14775.8044 -0.005 1 
2 2 0 3 3 1 3 3 14777.0767 14777.0755 0.00 12 
2 2 0 3 3 1 3 4 14780.5209 14780.5209 0 .0000 
6 1 5 5 6 0 6 5 1 5297.0 185  1 5297.0 134 0.005 1 
6 1 5 8 6 0 6 8 1 5298 .2546 1 5298.2550 -0.0005 
6 1 5 6 6 0 6 6 1 5302.2927 1 5302.2920 0 .0007 
6 1 5 7 6 0 6 7 1 5303.5399 1 5303.5498 -0 .0 100 
139 
Quantum numbers 
r K' K' 1' r KH KH l
H Vobs I MHz Veale / MHz Error / MHz 
a e Fi + 2 a e Fi + 2 
7 1 6 9 6 2 5 8 1 5820.8200 1 5820 .8 1 89  0.00 1 1  
7 1 6 7 6 2 5 6 1 5822 .7 199 1 5822.7098 0 .0 1 02 
7 1 6 8 6 2 5 7 1 5823 .3339 1 5823.3377 -0.0039 
1 1 1 2 0 0 0 2 1 637 1 .7997 1 637 1 . 8028 -0.003 1 
1 1 1 3 0 0 0 2 1 6373 .4265 1 6373 .4255 0.00 10  
1 1 1 1 0 0 0 2 1 6374.6989 1 6374.7009 -0.0020 
2 1 2 4 1 1 1 3 1 1654.4390 1 1 654.4353 0.0038 
2 1 2 2 1 1 1 1 1 165 1 .40 12  1 1 65 1 .4008 0 .0004 
2 1 2 3 1 1 1 2 1 1 649.8753 1 1 649.873 1 0.0023 
2 1 2 3 1 1 1 3 1 1 648 .2485 1 1 648 .2504 -0.00 1 9  
2 1 2 1 1 1 1 1 1 1 657.5749 1 1 657.5756 -0.0007 
Quantum numbers 
1' lH Vobs / MHz Veale / MHz Error / MHz r K' K' Fi + 2 r KH KH Fi + 2 a e a e 
1 1 1 2 0 0 0 2 1 6 1 50.4246 1 6 1 50.4234 0.00 12 
1 1 1 3 0 0 0 2 1 6 1 52.742 1 1 6 1 52.7393 0 .0028 
1 1 1 1 0 0 0 2 1 6 1 54.562 1 1 6 1 54.5665 -0.0044 
4 0 4 5 3 1 3 4 1 5476.58 1 7  1 5476.5791 0.0027 
4 0 4 4 3 1 3 3 1 5474.4800 1 5474.4796 0 .0003 
4 0 4 6 3 1 3 5 1 5473.722 1 1 5473.72 1 2  0.00 10  
4 0 4 3 3 1 3 2 1 547 1 . 65 1 1  1 547 1 .655 1 -0.004 1 
3 0 3 4 2 1 2 3 8 8 12 .5343 8 8 12.5309 0 .0034 
3 0 3 5 2 1 2 4 88 10 .7297 8 8 10 .7269 0 .0029 
3 0 3 2 2 1 2 1 8807.9606 8807.9666 -0.0060 
1 1 0 1 1 0 1 2 1 042 1 .2490 1 042 1 .2495 -0.0006 
1 1 0 3 1 0 1 3 1 042 1 .9734 1 042 1 . 9750 -0.00 1 6  
1 1 0 2 1 0 1 1 1 0425.4076 1 0425.409 1 -0.00 1 5  
1 1 0 3 1 0 1 2 1 0427.6049 1 0427.6057 -0.0008 
1 1 0 2 1 0 1 3 1 0429.8905 1 0429.89 1 8  -0.00 14  
2 1 1 4 2 0 2 4 1 0859. 5 1 83 1 0859.5089 0.0094 
2 1 1 3 2 0 2 2 1 0863 .40 14  1 0863.40 1 7  -0.0003 
2 1 1 4 2 0 2 3 1 0865.2937 1 0865.2875 0 .0062 
2 1 1 2 2 0 2 3 1 0865.9380 1 0865 .9435 -0.0054 
2 1 1 3 2 0 2 3 1 0867.6092 10867.6084 0.0008 
3 1 2 5 3 0 3 5 1 1 539.6382 1 1 539.64 1 7  -0.0035 
3 1 2 3 3 0 3 3 1 1 543.3466 1 1 543.3436 0.0030 
3 1 2 4 3 0 3 4 1 1 546.6045 1 1 546.6083 -0 .0038 
Quantum numbers 
r K' K' 1' r KH KH l
H Vobs I MHz Veale / MHz Error / MHz a e Fi + 2  a e Fi + 2  
3 0 3 2 2 1 2 1 8454.93 1 1  8454.9359 -0.0048 
3 0 3 3 2 1 2 2 8456.4300 8456.4225 0 .0075 
3 0 3 5 2 1 2 4 8457.5200 8457.5224 -0.0025 
3 0 3 4 2 1 2 3 8459.0563 8459.061 1  -0.0048 
1 1 0 1 1 0 1 2 1 0609.2387 1 0609.2374 0.00 1 3  
1 1 0 3 1 0 1 3 1 0609.6896 1 0609.6886 0 .00 1 1  
1 1 0 2 1 0 1 1 1 06 1 2.8 1 80 1 06 1 2.82 1 3  -0.0033 
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Quantum numbers 
r K' K' 1' r Ku Ku l
u 
Vobs / MHz Veale / MHz Error / MHz 
a e F1 + z-
a e F1 + z-
1 1 0 3 1 0 1 2 10615 .4463 1 06 1 5 .4386 0 .0077 
1 1 0 2 1 0 1 3 1061 7.40 1 1 1 06 1 7.4009 0 .0002 
1 1 0 2 1 0 1 2 1 0623 . 1 475 1 0623 . 1 509 -0.0034 
2 1 1 4 2 0 2 4 1 1029. 1 3 1 0  1 1 029. 1365 -0.0056 
2 1 1 2 2 0 2 2 1 103 1 .2883 1 103 1 .289 1 -0.0008 
2 1 1 3 2 0 2 2 1 1032.7342 1 1032.725 1 0 .0090 
2 1 1 2 2 0 2 3 1 1035.5645 1 1035 .5705 -0.0060 
3 1 2 2 3 0 3 2 1 1 676.6 173 1 1 676.6203 -0 .0030 
3 1 2 5 3 0 3 5 1 1 679.765 1 1 1679.768 1 -0.0030 
3 1 2 3 3 0 3 3 1 1 683 .3233 1 1 683 .32 1 9  0 .00 1 5  
3 1 2 4 3 0 3 4 1 1686.4537 1 1 686.4563 -0.0026 
4 1 3 3 4 0 4 3 1 2585.4607 12585.4664 -0.0057 
4 1 3 6 4 0 4 6 1 2587.7337 1 2587.7379 -0 .0042 
4 1 3 5 4 0 4 5 1 2594. 1 1 63 1 2594. 12 1 3  -0.0050 
5 1 4 4 5 0 5 4 1 3784.0 192 1 3784.0 1 94 -0.0002 
5 1 4 7 5 0 5 7 1 3785.7945 1 3 785.7846 0 .0099 
5 1 4 5 5 0 5 5 1 3790.4039 1 3 790.4075 -0.0037 
5 1 4 6 5 0 5 6 1 3792.2645 1 3 792.2578 0 .0068 
4 0 4 3 3 1 3 2 1 5058.8499 1 5058.8536 -0.0037 
4 0 4 6 3 1 3 5 1 5060.8333 1 5060.8293 0 .0040 
4 0 4 4 3 1 3 3 1 5061 .4755 1 5061 .4796 -0.004 1 
4 0 4 5 3 1 3 4 1 5063 .493 1 1 5063.4875 0.0056 
1 1 1 2 0 0 0 2 1 6309.2 195 1 6309.2 147 0 .0048 
1 1 1 3 0 0 0 2 1 63 1 1 .2208 1 63 1 1 .2 1 1 8  0 .0090 
1 1 1 1 0 0 0 2 1 63 1 2.7723 1 63 12.7796 -0 .0074 
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Appendix 3 :  Measured microwave transitions of gauche-23DCP and anti-23DCP 
Quantum numbers 
K' K' 1' Ff r KH KH l
H p.n Vobs / MHz Veale / MHz Error / MHz 
]' a e Fi + 2 a e Fi + 2 2 
2 l 2 4 4 l l l 3 3 6703 .503 1 6703 .4992 0.0039 
2 l 2 4 3 l l l 3 2 6705 .4240 6705 .4 1 97 0 .0043 
2 l 2 4 5 l l l 3 4 6706.2442 6706.2420 0 .0022 
2 l 2 4 2 l 1 l 3 1 6707.4 141  6707.42 12 -0.007 1 
2 1 2 3 4 1 1 1 2 3 6709.0707 6709.0662 0 .0045 
1 1 0 3 4 0 0 0 2 3 685 1 .9499 6851 .9473 0.0026 
1 1 0 3 3 0 0 0 2 2 6852.4574 6852.4570 0 .0004 
2 0 2 4 3 1 0 1 2 3 7 1 14.6747 7 1 14.6796 -0.0049 
2 0 2 3 3 1 0 1 2 2 7 1 1 6.5393 7 1 1 6.5382 0.00 1 1  
2 0 2 3 4 1 0 1 2 3 7 1 1 9.4946 7 1 19 .4975 -0.0029 
2 0 2 4 4 1 0 l 3 3 7 120.3 1 54 7 120.3 143 0 .00 12  
2 0 2 4 5 1 0 l 3 4 7 120.572 1  7 1 20.5700 0 .0021 
2 0 2 3 3 1 0 1 3 2 7 122.0959 7 1 22.0894 0 .0065 
2 0 2 2 3 1 0 1 3 3 7 123 .363 1 7 123.3685 -0.0055 
2 0 2 4 3 1 0 1 1 2 7 123 .4964 7 123 .5004 -0 .0040 
5 2 3 6 4 5 1 4 6 4 7536.3914  7536.3886 0.0027 
5 2 3 6 7 5 1 4 6 7 7536.6400 7536.6336 0.0064 
5 2 3 6 6 5 1 4 5 6 7536.8922 7536.8934 -0.00 12  
4 2 2 5 3 4 1 3 5 3 763 1 .0062 763 1 .0046 0.00 1 6  
4 2 2 5 6 4 1 3 5 6 763 1 .8733 763 1 .87 19  0 .00 14 
4 2 2 5 5 4 1 3 5 5 7632.75 1 8  7632.7528 -0.00 1 0  
4 2 2 4 5 4 1 3 4 5 7633 .7441 7633 .7452 -0 .00 1 1  
4 2 2 4 3 4 1 3 4 3 7634.4761 7634.4760 0 .000 1 
4 2 2 4 4 4 1 3 4 4 7634.8270 7634.8285 -0.00 1 5  
4 2 2 6 4 4 1 3 6 4 7635 .6906 7635 .6866 0 .0041 
4 2 2 6 7 4 l 3 6 7 7636.3493 7636.343 1 0 .0062 
4 2 2 6 5 4 1 3 6 5 7637.57 1 8  7637.5702 0.00 1 7  
4 2 2 3 4 4 1 3 3 4 7637.7238 7637.72 1 0  0 .0028 
4 2 2 6 6 4 1 3 6 6 7637.9277 7637.9270 0 .0007 
4 2 2 3 2 4 1 3 3 2 7638 .498 1 7638 .5022 -0.0042 
4 2 2 3 3 4 1 3 3 3 7639.40 1 7  7639.4084 -0.0067 
5 1 4 4 4 5 0 5 4 4 7784.7864 7784.7833 0 .0032 
5 1 4 4 5 5 0 5 4 5 7785.9888 7785.9858 0.0030 
5 1 4 7 7 5 0 5 7 7 7789.2 1 75 7789.2 1 83 -0.0008 
5 1 4 7 6 5 0 5 7 6 7789.7 108  7789.7 1 04 0.0004 
5 1 4 5 5 5 0 5 5 5 780 1 . 1 62 1  780 1 . 1 756 -0.0 1 3 5  
5 1 4 5 4 5 0 5 5 4 780 1 .7776 780 1 .77 1 3  0 .0063 
5 1 4 6 6 5 0 5 6 6 7804.77 1 5  7804.7743 -0.0029 
5 1 4 6 7 5 0 5 6 7 7807.0856 7807.0884 -0.0028 
3 2 1 5 6 3 l 2 4 5 798 1 .4591  798 1 .4734 -0 .0143 
3 2 1 3 4 3 1 2 4 5 7983 .4335 7983 .4378 -0 .0043 
3 2 1 4 3 3 1 2 4 2 7983.7886 7983 .779 1 0 .0094 
3 2 1 4 2 3 1 2 4 2 7984 . 1269 7984. 1221 0.0048 
3 2 1 4 5 3 1 2 4 5 7985.3 1 82 7985.3 1 62 0.00 1 9  
3 2 1 3 4 3 1 2 4 4 7985.5224 7985.5229 -0.0006 
3 2 1 4 3 3 1 2 4 3 7986.3433 7986.3429 0.0004 
3 2 1 4 2 3 1 2 4 3 7986.6946 7986.6859 . 0.0088 
3 2 1 4 4 3 1 2 4 4 7987. 1 145 7987 . 1 145 0.0000 
3 2 1 3 1 3 1 2 3 1 7988 .468 1 7988 .4683 -0.0002 
3 2 1 3 3 3 1 2 3 4 7989.9 135  7989.9 140 -0.0006 
3 2 1 3 4 3 1 2 3 4 7990. 1259 7990 . 1244 0.00 1 5  
3 2 1 3 2 3 1 2 3 2 7990.7612 7990.77 1 3  -0 .0100 
3 2 1 3 3 3 1 2 3 3 799 1 .3867 799 1 .3843 0 .0023 
3 2 1 4 5 3 1 2 3 4 7992.0065 7992.0029 0.0036 
3 2 1 4 3 3 1 2 3 2 7992.5844 7992.5836 0 .0009 
3 2 1 5 3 3 1 2 5 3 7993 .0599 7993 .0582 0.00 1 7  
'l ') 1 " " 'l 1 ') " f, 700'.l. 'lf.117 700'.l. � -\ 0 1  11 11 1 1 1'. 
'l ') 1 " f, 'l 1 ., " f, 700'.l. 7 !! 0 1  700'.l. 71!1'.7 I\ nr•� • 
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/ MHz Veale / MHz Error / MHz 
]' K' K' Fi + 2 F{ r K" Fi + 2  a c a c 2 
3 2 1 5 4 3 1 2 5 4 7995.9567 7995.9530 0 .0037 
3 2 1 5 3 3 1 2 5 4 7996.4348 7996.4276 0.0072 
3 2 1 5 5 3 1 2 5 5 7996.9727 7996.9699 0.0029 
3 2 1 5 6 3 1 2 5 5 7997.4040 7997.4075 -0.003 5 
3 2 1 4 5 3 1 2 5 6 7997.6304 7997.6296 0 .0008 
3 2 1 2 3 3 1 2 2 3 7998.6422 7998.6459 -0.0037 
3 2 1 2 0 3 1 2 2 1 7999.0584 7999.0603 -0.00 1 9  
3 2 1 4 3 3 1 2 5 4 7999.9333 7999.9427 -0.0094 
3 2 1 2 2 3 1 2 2 2 8000.8 1 32 8000 . 8 2 1 3  -0 .008 1 
3 2 1 4 4 3 1 2 5 5 8000.97 1 3  8000.9634 0 .0079 
3 2 1 3 4 3 1 2 2 3 8002.5040 8002.4949 0.0092 
3 0 3 2 3 2 1 2 1 2 8 1 59 .2420 8 1 59.240 1 0.00 1 8  
3 0 3 5 5 2 1 2 4 5 8 1 6 1 .6 109 8 1 6 1 .6 1 66 -0.0056 
3 0 3 4 4 2 1 2 4 3 8 1 62.0245 8 1 62 .02 14 0.003 1 
3 0 3 5 5 2 1 2 4 4 8 1 62.2633 8 1 62 .2630 0 .0003 
3 0 3 4 3 2 1 2 4 2 8 1 62 .9424 8 1 62.9473 -0.0049 
3 0 3 5 4 2 1 2 4 3 8 1 63 .5649 8 1 63 . 5 664 -0.00 1 5  
3 0 3 5 4 2 1 2 4 4 8 1 63 . 8 504 8 1 63 . 8 523 -0.00 1 9  
3 0 3 5 6 2 1 2 4 5 8 1 64.9858 8 1 64.9838 0 .0020 
3 0 3 5 3 2 1 2 4 2 8 1 66.3 1 34 8 1 66.3 149 -0.00 1 4  
3 0 3 5 3 2 1 2 4 3 8 1 66.9566 8 1 66.9520 0.0046 
3 0 3 3 4 2 1 2 2 3 8 1 67.600 1 8 1 67.5844 0.0 1 57 
3 0 3 3 3 2 1 2 3 2 8 1 70 .2450 8 1 70 .24 14 0.0036 
3 0 3 4 4 2 1 2 3 3 8 1 70 .3798 8 1 70 .3776 0.0022 
3 0 3 3 2 2 1 2 3 1 8 1 7 1 .5368 8 1 7 1 .5365 0 .0002 
3 0 3 4 5 2 1 2 3 4 8 1 73 .4638 8 1 73 .4633 0 .0005 
3 0 3 3 4 2 1 2 3 3 8 1 73 .7323 8 1 73 .729 1 0.0032 
3 0 3 4 2 2 1 2 3 1 8 1 74.9085 8 1 74 .9146 -0.006 1 
2 2 0 3 4 2 1 1 3 4 843 5 .7835 843 5 . 7799 0.0036 
2 2 0 3 3 2 1 1 3 3 8437.2356 8437.2307 0 .0049 
2 2 0 3 4 2 1 1 2 3 8444.9359 8444.9290 0 .0069 
2 2 0 2 2 2 1 1 4 2 8449.0 1 67 8449.0 1 8 1  -0 .00 1 3  
2 2 0 4 2 2 1 1 4 2 8449 . 1 995 8449.2044 -0 .0049 
2 2 0 4 5 2 1 1 4 5 8449.57 1 4  8449.5692 0 .002 1 
2 2 0 1 2 2 1 1 2 3 8450.7642 8450.7593 0 .0049 
2 2 0 2 3 2 1 1 4 3 845 1 .5494 845 1 .5666 -0.0 1 72 
2 2 0 4 5 2 1 1 4 4 8452 . 1 967 8452 . 1 856 0 .0 1 1 1  
2 2 0 2 3 2 1 1 4 4 8452.478 1 8452.4889 -0 .0109 
2 2 0 4 4 2 1 1 4 5 8453 .0 1 84 8453 .0 1 7 1  0.00 1 3  
2 2 0 4 3 2 1 1 4 3 8454 . 1 490 8454 . 1 465 0 .0026 
2 2 0 4 4 2 1 1 4 4 8455.6352 8455.6335 0.00 1 7  
2 2 0 1 2 2 1 1 1 1 8463.2546 8463 .2574 -0 .0027 
2 2 0 1 1 2 1 1 1 2 8463 . 543 1 8463 .5425 0.0006 
2 1 2 3 3 1 0 1 2 2 949 1 .5988 949 1 .5949 0.0039 
2 1 2 3 1 1 0 1 2 2 949 1 .9883 949 1 .9922 -0 .0039 
2 1 2 3 2 1 0 1 2 1 9492.6502 9492.6508 -0.0006 
2 1 2 3 1 1 0 1 2 1 9492.9268 9492.9249 0.00 1 9  
2 1 2 3 3 1 0 1 2 3 9494.0 1 62 9494.0 1 98 -0.0036 
2 1 2 3 4 1 0 1 2 3 9494.2873 9494.2849 0.0023 
2 1 2 2 0 1 0 1 2 1 9498.6826 9498 .68 5 1  -0.0026 
2 1 2 4 3 1 0 1 2 2 9499.95 1 9  9499.95 1 1  0 .0009 
2 1 2 4 2 1 0 1 2 1 950 1 .52 1 9  950 1 .5209 0.00 1 0  
2 1 2 4 4 1 0 1 2 3 9502.0862 9502.090 1 -0 .0039 
2 1 2 3 3 1 0 1 1 2 9502.8400 9502.8406 -0.0006 
2 1 2 3 2 1 0 1 1 2 9502.97 1 0  9502.9639 0.007 1 
2 1 2 2 3 1 0 1 3 2 9503.2953 9503 .2908 0 .0045 
2 1 2 4 4 1 0 1 3 4 9505.20 5 1  9505 .2027 0.0023 
2 1 2 4 3 1 0 1 3 2 9505 .5025 9505 .5023 0 .0002 
2 1 2 4 5 1 0 1 3 4 9505.8 5 1 1 9505.8491 0 .0020 
2 1 2 4 2 1 0 1 3 1 9506. 1 245 9506. 1 140 0 .0105 
2 1 2 2 2 1 0 1 3 3 9506.4255 9506.4277 -0.0022 
2 1 2 2 1 1 0 1 1 1 9508 .0204 9508 .0 1 1 1  0 .0093 





/ MHz Veale / MHz Error / MHz r K' K' Fi + 2 F' r KH KH Fi + 2 a e 2 a c 
2 l 2 4 3 l 0 l 3 3 9508.6269 9508.6244 0.0024 
2 l 2 2 3 l 0 l l 2 9508.9902 9508.9853 0 .0049 
2 l 2 4 2 l 0 l l l 9 5 1 0.8621 9 5 1 0 . 8 7 1 3  -0.0093 
2 l 2 4 3 l 0 l l 2 95 1 1 .2000 95 1 1 . 1 968 0.0032 
2 l 2 l 2 l 0 l 3 2 95 1 1 .5926 95 1 1 .5982 -0.0056 
2 l 2 4 2 l 0 l l 2 9 5 1 1 .8 3 1 7  95 1 1 .8340 -0.0023 
2 l 2 l 2 l 0 l l l 9 5 1 6 . 3 322 95 1 6.330 1 0.002 1 
2 2 l 3 2 2 l 2 4 3 9792.8788 9792.8807 -0.00 1 9  
2 2 l 3 4 2 l 2 4 4 9794.09 1 4  9794.0871 0.0042 
2 2 l 3 l 2 l 2 2 2 9794.473 1 9794.4736 -0.0005 
2 2 l l l 2 l 2 l 2 9796.4083 9796.4026 0.0057 
2 2 l 4 5 2 l 2 4 5 9797.0792 9797.0773 0.00 1 9  
2 2 l 2 l 2 l 2 2 2 9799.5200 9799.5280 -0.0080 
2 2 1 4 3 2 l 2 4 3 9800 . 1 640 9800. 1 6 1 8  0.0022 
2 2 l 4 4 2 1 2 4 4 980 1 . 1229 980 1 . 1 1 76 0.0053 
2 2 l 3 4 2 l 2 3 4 980 1 .8927 980 1 .8923 0 .0004 
2 2 l 3 3 2 l 2 3 3 9803.0595 9803 .063 1 -0.0036 
2 2 l l 2 2 l 2 2 3 9804.2877 9804.2870 0 .0007 
2 2 l l l 2 l 2 2 l 9804.7228 9804.72 1 6  0.00 1 2  
2 2 l 2 3 2 l 2 3 4 9805.220 1 9805 .229 1 -0.009 1 
2 2 l 4 5 2 l 2 3 4 9805.5370 9805.5289 0.008 1 
2 2 l 4 3 2 l 2 3 4 9808 .2456 9808 .2528 -0.0073 
2 2 l 4 4 2 l 2 3 3 9809. 1 9 1 9  9809. 1 879 0 .0040 
3 l 3 3 3 2 l 2 2 2 1 0024. 0 1 3 0  1 0024.0 1 7 1  -0.0042 
3 l 3 2 3 2 l 2 1 2 1 0024.6334 1 0024.6376 -0.0042 
3 l 3 3 4 2 l 2 2 3 1 0024.9930 1 0024.9945 -0.00 1 5  
3 l 3 5 6 2 l 2 4 5 1 0026.6663 1 0026.660 1 0.0062 
3 l 3 4 3 2 l 2 3 2 1 0026.8676 1 0026. 8793 -0. 0 1 1 7  
3 l 3 4 2 2 l 2 3 l 1 0027.4905 1 0027.4864 0.004 1 
6 l 5 5 5 6 0 6 5 5 1 0053 .6803 1 0053.6820 -0.00 1 7  
6 l 5 5 4 6 0 6 5 4 1 0053.9982 1 0054.0038 -0.0056 
6 l 5 5 6 6 0 6 5 6 1 0055 .0807 1 0055 .0707 0 .0099 
6 l 5 5 3 6 0 6 5 3 1 0055.7459 1 0055.74 1 7  0 .0042 
6 l 5 8 8 6 0 6 8 8 1 0057.5246 1 0057.5222 0.0024 
6 l 5 8 7 6 0 6 8 7 1 0057.9 1 3 0  1 0057.908 1 0 .0049 
6 l 5 8 9 6 0 6 8 9 1 0059.2220 1 0059.2 197 0 .0024 
6 l 5 8 6 6 0 6 8 6 1 0059.3333 1 0059.3484 -0.0 1 5 1  
6 l 5 6 6 6 0 6 6 6 1 0070.4409 1 0070.4420 -0.00 1 1  
6 l 5 6 5 6 0 6 6 5 1 0070.9697 1 0070.969 1 0 .0007 
6 l 5 7 7 6 0 6 7 7 1 0073 .8388 1 0073.8375 0.00 1 3  
6 l 5 7 6 6 0 6 7 6 1 0074.806 1 1 0074.8086 -0.0025 
6 l 5 7 8 6 0 6 7 8 1 0075.8276 1 0075 . 8 1 77 0 .0099 
3 2 2 2 3 3 l 3 2 3 1 0528 . 1 630 1 0528. 1 640 -0.00 1 1  
3 2 2 5 3 3 l 3 5 3 1 0530.9867 1 0530.9745 0.0 1 22 
3 2 2 5 6 3 l 3 5 6 1 053 1 .8374 1 053 1 .8309 0 .0065 
3 2 2 5 4 3 l 3 5 4 1 0532.7209 1 0532.7288 -0.0078 
3 2 2 5 5 3 l 3 5 5 1 0533. 1 10 1  1 0533. 1 089 0.00 1 2  
3 2 2 3 l 3 l 3 3 l 1 0535 .3672 1 0535.360 1  0.0072 
3 2 2 3 4 3 l 3 3 4 1 0536.0206 1 0536.03 1 4  -0.0 1 0 8  
3 2 2 4 2 3 l 3 4 2 1 0539.36 1 2  1 0539.3507 0 .0 1 05 
3 2 2 4 5 3 l 3 4 5 10539.8072 1 0539.7982 0 .0090 
3 2 2 4 3 3 l 3 4 3 1 0540.255 1 1 0540.2467 0.0083 
3 2 2 4 4 3 l 3 4 4 1 0540.5795 1 0540.5748 0 .0047 
3 0 3 4 4 2 0 2 4 3 1 0549. 7 1 8 9  1 0549.7 1 78 0.00 1 1  
3 0 3 5 6 2 0 2 4 5 1 0550.2693 1 0550.2629 0 .0063 
3 0 3 2 2 2 0 2 l l 1 055 1 .06 1 5  1 055 1 .0603 0.00 1 3  
3 0 3 5 4 2 0 2 4 4 1 055 1 .8752 1 055 1 .8765 -0.00 1 4  
2 l l l l l 0 l l 2 1 0902.9 1 5 8  1 0902 . 9 1 62 -0.0003 
2 l l l 2 l 0 l l 2 1 0903 .0837 1 0903 .0900 -0.0063 
2 l l 4 2 l 0 l 2 l 1 0903 .2574 1 0903.2556 0 .00 1 9  
2 l l 4 3 l 0 l 3 2 1 0905.4329 1 0905 .4267 0 .0062 
2 l l 2 3 l 0 l 2 3 1 0906.59 1 1  1 0906.5934 -0.0023 
2 l l 4 5 l 0 l 3 4 1 0907. 1 1 0 1  1 0907 . 1 0 7 1  0 .0030 
144 
Quantum numbers 
r K' K' 1' Ff r Ku Ku l
u 
F{ V
ohs I MHz Veale / MHz Error / MHz 
a e F1 + 2 a e F1 + 2 
2 1 1 4 4 1 0 1 3 3 1 0907.629 1 1 0907.6266 0.0025 
2 1 1 4 2 1 0 1 3 1 1 0907. 8544 1 0907.8486 0.0058 
2 1 1 4 3 1 0 1 1 2 1 0 9 1 1 . 1 1 59 1 0 9 1 1 . 12 1 3  -0.0053 
2 1 1 3 3 1 0 1 2 2 1091 2.43 8 8  1 0 9 1 2 .4378 0.00 1 0  
2 1 1 3 2 1 0 1 2 2 1 09 1 3 .2377 1 0 9 1 3 .2363 0.00 1 5  
2 1 1 3 4 1 0 1 2 3 1 0 9 1 5 . 7463 1 0 9 1 5 .7425 0.0038 
2 1 1 3 3 1 0 1 3 3 1092 1 . 1 1 3 6  1 092 1 . 1 1 1 2 0 .0025 
3 1 2 5 5 2 1 1 4 4 1 1427.30 1 5  1 1427.30 1 5  0 .0000 
3 1 2 5 4 2 1 1 4 3 1 1427. 5 1 67 1 1427.5 1 97 -0 .0030 
3 1 2 5 6 2 1 1 4 5 1 1428.3077 1 1428.3059 0 .00 1 9  
3 1 2 5 3 2 1 1 4 2 1 1428.44 1 8  1 1428.44 1 7  0 .000 1 
3 1 2 4 5 2 1 1 3 4 1 1428 .8770 1 1428.87 1 2  0.0058 
3 1 2 3 3 2 1 1 2 2 1 1429.82 1 1 1 1429.825 1 -0.0040 
4 2 3 3 4 4 1 4 3 4 1 1 520.4269 1 1 520.43 0 1  -0.0032 
4 2 3 3 1 4 1 4 3 1 1 1 520.5788 1 1 520.5742 0.0046 
4 2 3 6 7 4 1 4 6 7 1 1 524. 1 93 9  1 1 524. 1 894 0.0045 
4 2 3 4 5 4 1 4 4 5 1 1 530.3587 1 1 530.3538 0 .0049 
4 2 3 4 4 4 1 4 4 4 1 1 530.9588 1 1 530.9648 -0.0060 
4 2 3 4 3 4 1 4 5 3 1 1 53 1 .97 1 3  1 1 53 1 .9647 0 .0066 
4 2 3 5 6 4 1 4 5 6 1 1 53 3 . 5457 1 1 533 .5292 0 .0 1 65 
5 1 4 4 4 4 2 3 3 3 1 1 952.56 1 8  1 1 952.5594 0 .0024 
5 1 4 4 3 4 2 3 3 2 1 1 953.4 1 73 1 1 953 .4106 0 .0067 
5 1 4 4 5 4 2 3 4 4 1 1 954.4226 1 1 954.4239 -0.00 1 3  
5 1 4 7 7 4 2 3 6 6 1 1 955 .30 1 4  1 1 95 5 . 300 1 0 .00 1 3  
5 1 4 7 6 4 2 3 6 5 1 1 955.837 1 1 1 95 5 . 8392 -0.002 1 
5 1 4 4 2 4 2 3 3 1 1 1 956.0425 1 1 956.04 1 7  0 .0008 
5 1 4 7 8 4 2 3 6 7 1 1 957.9 1 3 5  1 1 957 .9142 -0.0007 
5 1 4 5 5 4 2 3 4 4 1 1 962.233 8  1 1 962.2393 -0 .0055 
5 1 4 5 4 4 2 3 4 3 1 1 963.0855 1 1 963.0832 0.0023 
5 1 4 5 5 4 2 3 3 4 1 1 963 .2482 1 1 963 .2433 0.0050 
5 1 4 6 6 4 2 3 5 5 1 1 964.5000 1 1 964.50 1 9  -0.00 1 9  
5 1 4 5 6 4 2 3 4 5 1 1 965.65 1 7  1 1 965.6361 0 .0 1 56 
5 1 4 6 7 4 2 3 5 6 1 1 967.6425 1 1 967.6426 -0.000 1 
5 1 4 6 4 4 2 3 5 3 1 1 968.3069 1 1 968.3059 0.00 1 0  
4 0 4 3 3 3 1 3 2 3 1 1 979.223 5 1 1 979.2230 0 .0006 
4 0 4 3 3 3 1 3 2 2 1 1 980.4565 1 1 980.463 1 -0.0066 
4 0 4 3 2 3 1 3 2 1 1 1 98 1 .4784 1 1 98 1 .4866 -0.0082 
4 0 4 3 1 3 1 3 2 0 1 1 98 1 .6790 1 1 98 1 .6799 -0.00 1 0  
4 0 4 3 4 3 1 3 2 3 1 1 982.0870 1 1 982.0832 0.0039 
4 0 4 6 6 3 1 3 5 5 1 1 982.7093 1 1 982. 7 1 20 -0.0027 
4 0 4 3 2 3 1 3 2 2 1 1 982.9768 1 1 982.9769 -0.000 1 
4 0 4 3 1 3 1 3 2 1 1 1 983 . 1 242 1 1 983 . 1 145 0 .0098 
4 0 4 6 5 3 1 3 5 4 1 1 98 3 . 8077 1 1 983 .8077 0 .0000 
4 0 4 5 6 3 1 3 5 5 1 1 984.2976 1 1 984.3060 -0.0084 
4 0 4 6 7 3 1 3 5 6 1 1 985 .0128  1 1 984.9980 0.0 148 
4 0 4 4 4 3 1 3 3 3 1 1 986.20 1 9  1 1 986. 1 988  0 .003 1 
4 0 4 4 2 3 1 3 3 1 1 1 986.5692 1 1 986.5678 0.00 14 
4 0 4 6 4 3 1 3 5 4 1 1 986.8630 1 1 986.8574 0 .0056 
4 0 4 6 5 3 1 3 3 4 1 1 987. 1 377 1 1 987. 1 40 1  -0.0024 
4 0 4 4 5 3 1 3 3 4 1 1 987.5440 1 1 987.5402 0 .0038 
4 0 4 5 4 3 1 3 4 3 1 1 988 .5 1 5 9  1 1 988 .5 1 09 0 .0050 
4 0 4 6 6 3 1 3 4 5 1 1 989.3576 1 1 989.3548 0 .0028 
4 0 4 3 4 3 1 3 3 4 1 1 990.0254 1 1 990.0338 -0.0084 
4 0 4 3 3 3 1 3 4 2 1 1 990.4268 1 1 990.4290 -0.0022 
4 0 4 5 6 3 1 3 4 5 1 1 990.9474 1 1 990.9488 -0.00 1 4  
4 0 4 5 3 3 1 3 4 2 1 1 99 1 .4458 1 1 99 1 .4502 -0.0044 
3 1 3 4 2 2 0 2 3 1 1 2400.6339 1 2400.6294 0 .0044 
3 1 3 4 2 2 0 2 3 2 1 2400.8767 1 2400.8740 0.0027 
3 1 3 4 4 2 0 2 3 3 1 240 1 . 7363 1 240 1 .7346 0.00 1 7  
3 1 3 4 5 2 0 2 3 4 1 240 1 . 9653 1 240 1 .9588 0 .0065 
3 1 3 3 1 2 0 2 3 1 1 2404.54 1 0  1 2404.5468 -0.0058 
3 1 3 4 2 2 0 2 2 1 1 2404.7352 1 2404.7330 0.0022 
3 1 3 3 4 2 0 2 3 4 1 2405.6587 1 2405.66 1 5  -0.0028 
145 
Quantum numbers 
1' K" r K' K' Fi + z- F{ ]" a e a 
3 1 3 4 4 2 0 
3 1 3 3 4 2 0 
3 1 3 4 4 2 0 
3 1 3 3 3 2 0 
3 1 3 3 3 2 0 
3 1 3 4 3 2 0 
3 1 3 4 5 2 0 
3 1 3 3 4 2 0 
3 1 3 5 3 2 0 
3 1 3 3 3 2 0 
3 1 3 5 4 2 0 
3 1 3 5 6 2 0 
3 1 3 5 3 2 0 
3 1 3 5 4 2 0 
3 1 3 5 5 2 0 
3 1 3 5 4 2 0 
3 1 3 5 3 2 0 
3 1 3 2 3 2 0 
3 1 3 2 1 2 0 
3 1 3 2 0 2 0 
3 1 3 2 2 2 0 
3 1 3 2 2 2 0 
3 1 3 2 3 2 0 
3 1 3 2 1 2 0 
3 1 3 2 1 2 0 
7 3 4 8 6 7 2 
7 3 4 8 9 7 2 
7 3 4 8 7 7 2 
7 3 4 8 8 7 2 
7 3 4 7 6 7 2 
7 3 4 7 7 7 2 
7 3 4 9 7 7 2 
7 3 4 9 1 0  7 2 
7 3 4 9 9 7 2 
5 2 4 4 4 5 1 
5 2 4 4 5 5 1 
5 2 4 7 5 5 1 
5 2 4 5 5 5 1 
5 2 4 6 4 5 1 
5 2 4 6 5 5 1 
5 2 4 6 6 5 1 
5 2 4 6 7 5 1 
5 2 4 6 4 5 1 
6 3 3 7 5 6 2 
6 3 3 7 8 6 2 
6 3 3 7 6 6 2 
6 3 3 7 7 6 2 
6 3 3 6 5 6 2 
6 3 3 6 6 6 2 
6 3 3 8 6 6 2 
6 3 3 8 9 6 2 
6 3 3 5 3 6 2 
6 3 3 8 7 6 2 
6 3 3 5 6 6 2 
6 3 3 8 8 6 2 
6 3 3 5 4 6 2 
6 3 3 5 5 6 2 
4 I 4 3 2 3 I 
4 I 4 6 7 3 I 
5 3 2 6 4 5 2 
5 3 2 6 7 5 2 
5 3 2 5 6 5 2 
5 3 2 5 4 5 2 
K" 
1" 
Fi + z- F{ e 
2 4 3 
2 3 3 
2 4 4 
2 2 2 
2 2 3 
2 1 2 
2 4 4 
2 2 3 
2 3 2 
2 4 3 
2 2 3 
2 4 5 
2 4 2 
2 4 3 
2 4 4 
2 4 4 
2 4 3 
2 2 2 
2 2 1 
2 2 1 
2 1 2 
2 1 1 
2 1 2 
2 1 2 
2 1 1 
5 8 6 
5 8 9 
5 8 7 
5 8 8 
5 7 6 
5 7 7 
5 9 7 
5 9 1 0  
5 9 9 
5 4 4 
5 4 5 
5 7 5 
5 5 5 
5 5 4 
5 6 5 
5 6 6 
5 6 7 
5 6 4 
4 7 5 
4 7 8 
4 7 6 
4 7 7 
4 6 5 
4 6 6 
4 8 6 
4 8 9 
4 5 3 
4 8 7 
4 5 6 
4 8 8 
4 5 4 
4 5 5 
3 2 I 
3 5 6 
3 6 4 
3 6 7 
3 5 6 
3 5 4 
Vobs / MHz 
1 2406.023 8 







1 2409.248 1 
1 2409.5 1 8 6  
1 24 1 1 .3752 
1 24 1 1 .9402 
1 24 1 3 . 1 844 
1 24 1 3 . 8 1 3 2  
1241 4.0372 
1 24 14.4288 
1 24 1 5 .6005 
1 24 1 5 . 8 1 0 7  
1 24 1 6. 1 878 
1 24 1 7.6 1 44 
1 24 1 8 .0925 
1 24 1 8.5935 
1 24 1 9.3342 
1241 9.5768 




1 247 1 .3350 
1 2472.003 1 
1 2472.270 1 
1 2475 .0693 
1 2475.3067 
1 2476.8394 
1 2772. 1 429 
1 2772.6045 
1 2775.4380 
1 278 1 .6958 
1 2784. 1 1 4 1  
1 2784.6543 
1 2784.8287 
1 2785 .0967 
12785 .6438 
1 327 1 . 1 406 
1 327 1 .5783 
1 3273 .0090 
1 3273 . 8 800 
1 3274.6985 
1 3275.0468 
1 3278. 1 8 1 2  
1 3278.4685 
1 3279.73 5 1  
1 3280.080 1 
1 3280.32 1 7 
1 3280.5030 
1 328 1 .6005 
1 3282. 1 894 
1 33 1 1 .9679 
1 3 3 1 3 .9062 
1 40 1 9.3769 
1 4020. 1 0 1 8  
1 4023 .00 1 1 
1 4023.9390 
Veale / MHz 
1 2406.0 1 82 
1 2406. 1 95 8  







1 2409.5 1 68 
1 24 1 1 .3 7 1 2  
1 24 1 1 .9393 
1 24 1 3 . 1 824 
1 24 1 3 . 8 1 1 7 
1241 4.0332 
12414.4255 
1 24 1 5 .5964 
1 24 1 5 .8 1 04 
1 24 1 6. 1 89 1  
1 24 1 7.6237 
1 24 1 8 .0944 
1 24 1 8 . 592 1 
1241 9.3345 





1 247 1 .3366 
1 2472.0 1 8 6  
1 2472.2633 
1 2475.0767 
1 2475 .3088 
1 2476.8429 
1 2772. 1 404 
1 2772.5970 
1 2775.43 8 1  
1 278 1 .7005 
1 2784. 1 1 97 
1 2784.649 1 
1 2784.83 1 7  
1 2785.0948 
12785 .6498 
1 327 1 . 1 428 
1 327 1 .5763 
1 3273 .0023 
1 3273.8798 
1 3274.6876 
1 3275 .0450 
1 3278. 1 684 
1 3278 .4660 
1 3279.7379 
1 3280.0792 
1 3280.32 1 3  
1 3280.502 1 
1 328 1 .6085 
1 3282. 1 943 
1 33 1 1 .9632 
1 3 3 1 3 .9058 
1 40 1 9.3843 
1 4020.0997 
1 4022.9989 
1 4023 .9454 









0.00 1 7  
0.00 1 8  
0 .0040 
0.00 1 0  
0 .002 1 





-0.00 1 4  
-0.0093 
-0 .00 1 9  







-0.00 1 7  


















0.0 1 09 












0 .002 1 




1' lH Vohs / MHz Veale / MHz Error / MHz 
]' K' K' Fi + z-
F{ JH KH KH Fi + z-
F{ a c a e 
5 3 2 5 5 5 2 3 5 5 1 4024.40 1 1  1 4024.400 1 0.00 1 1  
5 3 2 7 5 5 2 3 7 5 1 4027.0354 1 4027.0373 -0.00 1 9  
5 3 2 7 8 5 2 3 7 8 1 4027.5149 1 4027. 5 1 3 1  0 .00 1 8  
5 3 2 7 6 5 2 3 7 6 1 4029.465 1 1 4029.4642 0 .0009 
5 3 2 4 5 5 2 3 4 5 1 4029.8752 1 4029.8756 -0.0004 
5 3 2 7 7 5 2 3 7 7 1 4030.0376 1 4030.0353 0 .0022 
5 3 2 4 3 5 2 3 4 3 1 403 1 .2669 1 403 1 .2769 -0.0099 
5 3 2 4 4 5 2 3 4 4 1 4032. 1 595 1 4032. 1 620 -0.0025 
6 2 5 8 8 6 1 6 8 8 1 4275 .8 1 53 1 4275 .8 146 0 .0007 
6 2 5 8 7 6 1 6 8 7 1 4275.9465 1 4275.9485 -0.0020 
6 2 5 8 9 6 1 6 8 9 1 4276.3 1 1 0 1 4276.3085 0 .0025 
6 2 5 8 6 6 1 6 8 6 1 4276.5946 1 4276.60 1 4  -0.0068 
6 2 5 7 8 6 1 6 7 8 1 4286.6586 1 4286.66 1 2  -0 .0026 
4 3 1 5 3 4 2 2 5 3 14584.6684 1 4584.6709 -0.0025 
4 3 1 5 6 4 2 2 5 6 1458 5 . 5 1 0 5  1 4585.5074 0.003 1 
4 3 1 4 5 4 2 2 5 5 14587.0764 1 4587.0753 0.00 1 0  
4 3 1 5 4 4 2 2 5 4 14587.70 1 7  1 4587.6993 0 .0024 
4 3 1 4 4 4 2 2 4 4 1 459 1 . 0828 1 459 1 .0838 -0.00 1 1 
4 3 1 6 4 4 2 2 6 4 1 4592.295 1 1 4592.293 1 0 .0020 
4 3 1 6 7 4 2 2 6 7 1 4592.8477 1 4592.8429 0 .0048 
4 3 1 6 5 4 2 2 6 5 1 4595.3 1 29 1 4595.3 1 3 5  -0.0006 
4 3 1 3 3 4 2 2 3 3 1 4599. 1488 1 4599. 1 5 1 5  -0.0027 
4 2 2 6 6 3 2 1 5 5 14805.7946 14805.7974 -0.0028 
4 2 2 3 4 3 2 1 2 3 1 4806. 1 73 5  1 4806. 1 682 0 .0053 
4 2 2 6 5 3 2 1 5 4 1 4806.3786 1 4806.3750 0 .0037 
4 2 2 4 3 3 2 1 3 2 1 4809.3208 1 4809.32 1 3  -0.0005 
4 2 2 4 5 3 2 1 3 4 1 4809.7734 1 4809.7783 -0.0049 
4 2 2 5 6 3 2 1 4 5 1 48 1 1 .3625 1 48 1 1 .3552 0 .0073 
3 3 0 5 3 3 2 1 5 3 1 493 1 .9 1 80 1 493 1 .923 1 -0.005 1 
3 3 0 5 6 3 2 1 5 6 1 4932. 1 543 1 4932. 1 5 1 1 0 .0032 
3 3 0 3 3 3 2 1 2 3 1 4933 .9259 1 4933 .9280 -0.002 1 
3 3 0 2 3 3 2 1 3 4 1 4934. 1 883  1 4934. 1 799 0.0083 
3 3 0 5 4 3 2 1 5 4 1 493 5 .7834 1 493 5.7835 -0.000 1 
3 3 0 5 5 3 2 1 5 5 14937. 1 862 1 4937. 1 80 1  0 .006 1 
4 1 4 5 6 3 0 3 4 5 1 5 1 67.345 1 1 5 1 67.3449 0 .0002 
4 1 4 5 5 3 0 3 5 4 1 5 1 67.5858 1 5 1 67.5852 0 .0006 
4 1 4 5 4 3 0 3 4 3 1 5 1 68.0585 1 5 1 68 .0600 -0.00 1 4  
4 1 4 5 5 3 0 3 4 4 1 5 1 69. 1258 1 5 1 69. 1 302 -0.0044 
4 1 4 5 3 3 0 3 3 2 1 5 1 69.3523 1 5 1 69.3495 0 .0028 
4 1 4 5 4 3 0 3 3 3 1 5 1 69.6344 1 5 1 69.6359 -0.00 1 5  
4 1 4 4 5 3 0 3 3 4 1 5 1 70.2 1 24 1 5 1 70 .2 1 1 8  0.0005 
4 1 4 4 4 3 0 3 4 3 1 5 1 70.498 1 1 5 1 70.4933 0 .0049 
4 I 4 5 6 3 0 3 5 5 1 5 1 70.73 1 5  1 5 1 70.740 1 -0 .0087 
4 1 4 4 4 3 0 3 3 3 1 5 1 72.0628 1 5 1 72 .0692 -0.0064 
4 1 4 4 2 3 0 3 2 1 1 5 1 72.4640 1 5 1 72 .4620 0.0020 
4 1 4 4 3 3 0 3 2 2 1 5 1 73 .0375 1 5 1 73 .0289 0.0087 
4 1 4 6 6 3 0 3 4 5 1 5 1 73 .7639 1 5 1 73 .7568 0 .007 1 
4 1 4 6 4 3 0 3 5 3 1 5 1 74.5435 1 5 1 74.54 1 0  0 .0025 
4 1 4 6 7 3 0 3 5 6 1 5 1 75.5840 1 5 1 75 .582 1  0.00 1 8  
4 1 4 6 5 3 0 3 5 4 1 5 1 75.9976 1 5 1 75.9977 -0.000 1 
4 1 4 6 6 3 0 3 5 5 1 5 1 77. 1 552 1 5 1 77. 1 520 0 .0032 
4 1 4 3 4 3 0 3 2 3 1 5 1 78 .2789 1 5 1 7 8 .2724 0 .0065 
4 1 4 3 3 3 0 3 2 2 1 5 1 79.9909 1 5 1 79.98 1 5  0 .0094 
3 1 2 2 2 2 0 2 1 2 1 5209.3043 1 5209.300 1 0 .004 1 
3 1 2 2 2 2 0 2 1 1 1 5209.7956 1 5209.7979 -0.0023 
3 1 2 2 3 2 0 2 1 2 1 52 1 1 . 7944 1 52 1 1 . 78 1 6  0.0 1 29 
3 1 2 5 3 2 0 2 3 2 1 52 1 2 . 1453 1 52 1 2 . 1 600 -0. 0 1 47 
3 1 2 5 4 2 0 2 2 3 1 52 1 2.7033 1 52 1 2 .700 1 0.0032 
3 1 2 5 5 2 0 2 4 4 1 52 14.6 1 3 5  1 52 1 4.6 1 3 8  -0.0003 
3 1 2 5 6 2 0 2 4 5 1 52 1 4.8466 1 52 1 4. 8430 0.0036 
3 1 2 5 4 2 0 2 4 3 1 52 1 5 . 1 5 1 7  1 52 1 5 . 1406 0 .0 1 12 
3 1 2 5 3 2 0 2 4 2 1 52 1 6.0856 1 52 1 6.0960 -0 .0103 
3 1 2 3 3 2 0 2 2 2 1 52 1 9. 1 460 1 52 1 9. 1 576 -0.0 1 1 5  
147 
Quantum numbers 
1' 1"' F{ Vobs l MHz Veale / MHz Error / MHz r K' K' Fi + 2 Fi. r K"' K"' Fi + 2 a c a e 
3 1 2 3 4 2 0 2 2 3 1 5220 .80 1 6  1 5220. 8070 -0.0054 
3 1 2 4 4 2 0 2 3 3 1 5223 .560 1 1 5223 .5654 -0.0053 
3 1 2 4 2 2 0 2 3 1 1 5224.7060 1 5224.7096 -0.0036 
3 1 2 4 5 2 0 2 3 4 1 5225. 1 142 1 5225. 1 1 63 -0.002 1 
4 3 2 4 2 4 2 3 4 2 1 5330.3273 1 5330.3306 -0 .003 3 
4 3 2 5 6 4 2 3 5 6 1 5330.5985 1 5330.598 1 0 .0004 
4 3 2 6 4 4 2 3 6 4 1 5330.7950 1 5330. 7872 0 .0079 
4 3 2 4 5 4 2 3 4 5 15330.9676 1 5330.9646 0.0030 
4 3 2 6 7 4 2 3 6 7 1 533 1 .9842 1 533 1 .983 1 0.00 1 1  
4 3 2 3 4 4 2 3 4 4 1 5332. 1 365 1 5332. 1 374 -0.0009 
4 3 2 5 4 4 2 3 5 4 1 5332.6948 1 5332.6857 0.0091 
4 3 2 4 3 4 2 3 4 3 1 5332.8262 1 5332.8356 -0.0094 
4 3 2 5 5 4 2 3 5 5 1 5333 .3533 1 5333 .35 1 6  0 .00 1 7  
4 3 2 6 6 4 2 3 5 5 1 5333 .523 1 1 5333 . 523 1 0 .0000 
4 3 2 6 5 4 2 3 6 5 1 5333 .8037 1 53 3 3 . 795 1 0.0087 
4 3 2 6 6 4 2 3 6 6 1 5334.6726 1 5334.6695 0 .003 1 
4 3 2 3 3 4 2 3 3 3 1 5335 . 1 480 1 5335 . 1 504 -0.0024 
5 3 3 4 5 5 2 4 4 5 1 5599.3878 1 5599.402 1 -0 .0143 
5 3 3 7 8 5 2 4 7 8 1 5599.834 1 1 5599.8462 -0.0 1 2 1  
5 3 3 7 6 5 2 4 7 6 1 560 1 .069 1 1 560 1 .0629 0 .0062 
5 0 5 4 4 4 1 4 3 3 1 5689.084 1 1 5689.0873 -0.0032 
5 0 5 4 3 4 1 4 3 2 1 5689.2482 1 5689.2499 -0.00 1 7  
5 0 5 5 5 4 1 4 4 4 1 5692.0287 1 5692.0285 0 .000 1 
5 0 5 6 7 4 1 4 5 6 1 5694.0834 1 5694.0834 0.0000 
2 2 1 3 1 1 1 0 2 1 1 6024.3022 1 6024.2975 0 .0047 
2 2 1 3 2 1 1 0 2 2 1 6025.44 1 2  1 6025 .4342 0 .0070 
2 2 1 3 4 1 1 0 2 3 1 6025.8826 1 6025.8820 0 .0006 
2 2 1 3 3 1 1 0 2 2 1 6027.253 1 1 6027.2605 -0.0074 
2 2 1 2 1 1 1 0 2 0 1 6028 .8777 1 6028.8926 -0.0 1 50 
2 2 1 2 3 1 1 0 2 3 1 6029.2 1 5 5  1 6029.2 1 8 9  -0.0034 
2 2 1 4 2 1 1 0 2 1 1 6029.6094 1 6029.5974 0.0 1 20 
2 2 1 2 1 1 1 0 2 2 1 6029.8691 1 6029.8848 -0 .0 1 5 7  
2 2 1 2 2 1 1 0 2 2 1 6030.09 1 2  1 6030.0993 -0.0080 
2 2 1 4 3 1 1 0 2 3 1 6032.240 1 1 6032.2426 -0.0025 
2 2 1 3 4 1 1 0 3 3 1 6033.9947 1 6034.0046 -0.0099 
2 2 1 3 4 1 1 0 3 4 1 6034.4944 1 6034.495 1 -0.0007 
2 2 1 3 3 1 1 0 3 3 1 6034.9020 1 6034.9 1 03 -0.0083 
2 2 1 2 3 1 1 0 3 3 1 6037.3342 1 6037.34 14 -0.0073 
2 2 1 2 3 1 1 0 3 2 1 6037.4998 1 603 7.4970 0 .0028 
2 2 1 4 5 1 1 0 3 4 1 603 8 . 1 308 1 6038. 1 3 1 7  -0.0009 
2 2 1 4 2 1 1 0 3 1 1 6038 .4256 1 6038.4256 0 .0000 
2 2 1 4 3 1 1 0 3 2 1 6040.52 1 2  1 6040. 5207 0.0005 
2 2 1 4 4 1 1 0 3 3 1 604 1 .0329 1 604 1 .035 1  -0.0022 
2 2 1 4 4 1 1 0 3 4 1 604 1 . 5 143 1 604 1 . 5256 -0.0 1 1 4  
2 2 1 2 3 1 1 0 1 2 1 6044.3 1 83 1 6044.3223 -0.0040 
2 2 0 3 1 1 1 0 2 2 1 6080.0694 1 6080.07 1 0  -0.00 1 6  
2 2 0 3 2 1 1 0 2 2 1 6080.33 1 2  1 6080.3463 -0.0 1 50 
2 2 0 3 4 1 1 0 2 3 1 608 1 .2259 1 608 1 .2272 -0.00 1 4  
2 2 0 3 3 1 1 0 2 2 1 6082.2742 1 6082.27 1 0  0 .0032 
2 2 0 4 3 1 1 0 2 3 1 6086. 1 523 1 6086. 1 5 1 7  0 .0006 
2 2 0 3 4 1 1 0 3 3 1 6089.352 1 1 6089.3498 0 .0023 
2 2 0 4 5 1 1 0 3 4 1 609 1 .884 1 1 609 1 .8 8 1 6  0 .0025 
2 2 0 4 2 1 1 0 3 1 1 6092.4330 1 6092.4250 0 .0079 
2 2 0 4 3 1 1 0 3 2 1 6094.4320 1 6094.4298 0.0022 
2 2 0 4 4 1 1 0 3 3 1 6094.8409 1 6094.8390 0 .0020 
2 2 0 4 4 1 1 0 3 4 1 6095.3303 1 6095.3295 0 .0008 
2 2 0 1 2 1 1 0 1 2 1 6 1 02. 1 520 1 6 1 02. 1 6 1 0  -0 .0090 
2 2 1 2 2 1 1 1 1 1 1 6492.8446 1 6492.8473 -0.0027 
2 2 1 1 2 1 1 1 1 2 1 6497.0653 1 6497.0670 -0.00 1 7  
2 2 1 3 4 1 1 1 3 4 1 6499.6800 1 6499.6827 -0.0027 
2 2 1 2 3 1 1 1 3 2 1 6502.5600 1 6502.5578 0 .0023 
2 2 1 4 5 1 1 1 3 4 1 6503 .3242 1 6503 .3 1 93 0.0049 
2 2 1 4 2 1 1 1 3 1 1 6504.3639 1 6504.3608 0 .0032 
148 
Quantum numbers 
1' 1" Vobs / MHz Veale / MHz Error / MHz 
]' K' K' F1 + 2 F{ ]" K" K" F1 + 2  F{ a c a c 
2 2 1 4 4 1 1 1 3 3 1 6504.62 1 8  1 6504.6 1 68 0 .0050 
2 2 1 4 3 1 1 1 3 2 1 6505.585 1 1 6505.58 14 0.0037 
2 2 1 3 4 1 1 1 2 3 1 6 5 1 0.9578 1 6 5 1 0.9585 -0 .0006 
6 1 5 7 7 5 2 4 6 6 1 6534.0252 1 6534.0294 -0.0042 
6 1 5 7 8 5 2 4 6 7 1 6536. 1475 1 6536. 1 580 -0 .0105  
6 1 5 7 5 5 2 4 6 4 1 6536.4955 1 6536.5023 -0 .0068 
2 2 0 3 3 1 1 1 1 2 1 6544. 7 1 1 7  1 6544.7089 0 .0029 
2 2 0 4 3 1 1 1 1 2 1 6549.063 1 1 6549.0624 0.0008 
2 2 0 1 2 1 1 1 1 2 1 6549.9649 1 6549.9682 -0.0033 
2 2 0 1 2 1 1 1 1 1 1 6550.2692 1 6550.2783 -0.009 1 
2 2 0 1 1 1 1 1 1 2 1 6550.4235 1 6550.427 1 -0.0036 
2 2 0 1 1 1 1 1 1 1 1 6550.7304 1 6550.7372 -0.0068 
2 2 0 3 2 1 1 1 3 3 1 655 1 .5786 1 655 1 .5778 0.0008 
2 2 0 3 4 1 1 1 3 3 1 6552.9295 1 6552.93 1 5  -0.0020 
2 2 0 3 2 1 1 1 3 2 1 6553.2 1 1 5  1 6553.2 1 24 -0 .0009 
2 2 0 3 3 1 1 1 3 3 1 6553 .4982 1 6553 .5025 -0.0043 
2 2 0 3 2 1 1 1 3 1 1 6554.568 1 1 6554.5767 -0.0087 
2 2 0 3 4 1 1 1 3 4 1 6555 .0346 1 6555 .0279 0 .0067 
2 2 0 2 3 1 1 1 3 3 1 6555.2722 1 6555 .2762 -0.0039 
2 2 0 4 5 1 1 1 3 4 1 6557.07 1 5  1 6557.0692 0 .0023 
2 2 0 2 3 1 1 1 3 4 1 6557.3626 1 6557.3725 -0.0099 
2 2 0 4 3 1 1 1 3 2 1 6559.4886 1 6559.4906 -0.0020 
2 2 0 4 4 1 1 1 3 4 1 6560.5 1 5 8  1 6560.5 1 70 -0.00 1 2  
2 2 0 3 1 1 1 1 2 0 1 6562.6424 1 6562.64 1 1 0.00 1 3  
2 2 0 3 1 1 1 1 2 1 1 6564.9952 1 6564.9943 0 .0009 
2 2 0 3 2 1 1 1 2 1 1 6565 .263 5 1 6565 .2696 -0.006 1 
2 2 0 3 4 1 1 1 2 3 1 6566.3042 1 6566.3037 0 .0005 
2 2 0 3 2 1 1 1 2 2 1 6566.8785 1 6566. 8 8 1 4  -0.0029 
2 2 0 3 3 1 1 1 2 2 1 6568.8042 1 6568.806 1 -0.00 1 9  
2 2 0 4 3 1 1 1 2 3 1 6571 .2262 1 65 7 1 .2282 -0.0020 
2 2 0 1 2 1 1 1 2 3 1 6572. 1295 1 6572. 1 340 -0.0045 
2 2 0 1 2 1 1 1 2 1 1 6572.4607 1 6572.4536 0.007 1 
Table 2 :  37Cl isotopologue 1 of gauche-23DCP (12CH2=
12C37Cl-12CHi35CI) 
Quantum numbers 
]' K' K' 1' F{ ]" K" K" 1" F{ Vobs / MHz Veale ! MHz Error / MHz a c F1 + 2 a e F1 + 2 
1 1 0 1 2 0 0 0 2 3 6779.0898 6779.0897 0 .000 1 
1 1 0 3 4 0 0 0 2 3 6785 . 6 1 97 6785.6 1 6 1  0.0036 
1 1 0 3 3 0 0 0 2 2 6786.0532 6786.0574 -0.0042 
2 0 2 3 4 1 0 1 2 3 6944.6836 6944.68 1 8  0 .00 1 8  
2 0 2 4 5 1 0 1 3 4 6945 .7253 6945.7292 -0.0039 
5 1 4 4 3 5 0 5 4 3 7540.2956 7540.3048 -0.0092 
5 1 4 4 2 5 0 5 4 2 754 1 .62 1 5  754 1 .6 1 79 0 .0037 
5 1 4 7 7 5 0 5 7 7 7544.5588 7544.5587 0 .0002 
5 1 4 7 6 5 0 5 7 6 7544.9378 7544.9327 0 .005 1 
5 1 4 5 5 5 0 5 5 5 7556.3 527 7556.3 5 1 7  0.00 1 0  
5 1 4 5 4 5 0 5 5 4 7556.906 1 7556.9 1 1 7 -0 .0056 
5 1 4 5 5 5 0 5 6 6 7557.7789 7557.7946 -0.0 1 57 
5 1 4 6 6 5 0 5 5 6 7558.2755 7558 .2663 0 .0092 
5 1 4 6 5 5 0 5 6 5 756 1 .3087 756 1 .3061 0.0026 
5 1 4 6 7 5 0 5 6 7 7561 .9507 7561 .9443 0 .0065 
5 2 3 6 4 5 1 4 6 4 7622 . 1 229 7622. 1 1 64 0.0066 
5 2 3 6 7 5 1 4 6 7 7622.3 302 7622.3 3 1 4  -0.00 1 2  
5 2 3 5 6 5 1 4 5 6 7623 .0233 7623 .02 1 5  0.00 1 8  
5 2 3 4 5 5 1 4 4 5 7623 .9043 7623 . 9 1 63 -0 . 0 1 20 
5 2 3 7 6 5 1 4 7 6 7624.0827 7624.0806 0.002 1 
5 2 3 7 7 5 1 4 7 7 7624.2694 7624.2683 0.00 1 1  
4 2 2 5 3 4 1 3 5 3 776 1 .3967 776 1 . 3 9 1 7  0.0050 
149 
Quantum numbers 
1' K" ]' K' K' F1 + -z F{ ]" a e a 
4 2 2 5 6 4 1 
4 2 2 5 4 4 1 
4 2 2 5 5 4 1 
4 2 2 4 2 4 1 
4 2 2 4 5 4 1 
4 2 2 4 3 4 1 
4 2 2 4 4 4 1 
4 2 2 6 4 4 1 
4 2 2 6 7 4 1 
4 2 2 6 5 4 1 
4 2 2 6 6 4 1 
4 2 2 3 4 4 1 
4 2 2 3 3 4 1 
3 0 3 2 3 2 1 
3 0 3 5 5 2 1 
3 0 3 5 4 2 1 
3 0 3 5 6 2 1 
3 0 3 5 3 2 1 
3 0 3 5 3 2 1 
3 0 3 2 3 2 1 
3 0 3 3 4 2 1 
3 0 3 4 4 2 1 
3 0 3 4 5 2 1 
3 2 1 4 2 3 1 
3 2 1 4 5 3 1 
3 2 1 4 4 3 1 
3 2 1 5 3 3 1 
3 2 1 5 6 3 1 
3 2 1 5 4 3 1 
3 2 1 5 5 3 1 
3 2 1 2 3 3 1 
2 2 0 3 1 2 1 
2 2 0 3 4 2 1 
2 2 0 3 3 2 1 
2 2 0 4 5 2 1 
2 2 0 2 3 2 1 
2 2 0 3 4 2 1 
2 2 0 3 3 2 1 
2 2 0 3 4 2 1 
2 2 0 4 2 2 1 
2 2 0 4 5 2 1 
2 2 0 1 2 2 1 
2 2 0 4 3 2 1 
2 2 0 4 4 2 1 
2 2 0 1 2 2 1 
2 2 0 1 1 2 1 
2 1 2 3 3 1 0 
2 1 2 3 1 1 0 
2 1 2 3 4 1 0 
2 1 2 3 2 1 0 
2 1 2 3 3 1 0 
2 1 2 3 4 1 0 
2 1 2 2 3 1 0 
2 1 2 4 2 1 0 
2 1 2 4 3 1 0 
2 1 2 4 5 1 0 
2 1 2 4 4 1 0 
3 2 2 2 3 3 1 
3 2 2 5 6 3 1 
3 2 2 5 4 3 I 
3 2 2 5 5 3 1 
3 2 2 3 4 3 1 
3 2 2 4 5 3 1 
K" 
1" 
F{ F1 + -z e 
3 5 6 
3 5 4 
3 5 5 
3 4 2 
3 4 5 
3 4 3 
3 4 4 
3 6 4 
3 6 7 
3 6 5 
3 6 6 
3 3 4 
3 3 3 
2 1 2 
2 4 4 
2 4 3 
2 4 5 
2 4 2 
2 4 3 
2 2 2 
2 2 3 
2 3 3 
2 3 4 
2 4 2 
2 4 5 
2 4 4 
2 5 3 
2 5 6 
2 5 4 
2 5 5 
2 2 3 
1 3 2 
1 3 4 
1 3 3 
1 3 4 
1 3 4 
1 2 3 
1 2 3 
1 4 5 
1 4 2 
1 4 5 
1 2 3 
1 4 3 
1 4 4 
1 1 1 
1 1 2 
1 2 2 
1 2 1 
1 2 3 
1 3 1 
1 3 2 
1 3 4 
1 2 3 
1 2 1 
1 3 2 
I 3 4 
1 3 3 
3 2 3 
3 5 6 
3 5 4 
3 5 5 
3 3 4 
3 4 5 
Vohs / MHz 
776 1 .9006 
7762.647 1 
7762.8623 











7849.92 1 6  
7 8 5 1 .0490 
7852 . 1 463 
7853 .308 1 





8 126.80 1 7  
8 1 27.7550 
8 129.3280 
8 1 36.0 l l 5 
8 1 36.6629 
8 1 38 .4525 
8 1 39.2944 






8579. 1 83 8  
8579.7783 




8587 . 8 1 26 
8589. 1 1 30 
8597.3387 
8597.6 1 22 
9380.869 1 
9382 . 1 862 
9383 .0920 





9394.6 1 5 8  
9394.8530 
9396.7992 
1 0563 . 7 1 7 1  
1 0566. 1 840 
1 0567. 1 809 
1 0567.669 1 
1 0570.7600 
1 0574.3423 
Veale / MHz 
776 1 .9039 
7762.6435 
7762.8 595 
7763 . 1 669 
7763 .97 1 0  
7764.5 1 8 5  
7764.8306 
7766 .4003 







785 1 .0525 







8 1 26.8083 
8 1 27.7560 
8 129.3240 
8 1 36.0 1 56 
8 1 36.6654 
8 1 38 .4490 
8 1 39.288 1  




8 572.29 14 
8572.4687 
8579 . 1 847 
8579 .7697 
8 5 8 1 .9894 
8583 .8004 
8584.2573 
8584.8 0 1 4  
8587. 8 1 3 8  




9382 . 1 827 
9383.09 1 5  
9386. 1 2 1 8  
9386.2758 
9386.4 1 1 8  
9388.9793 
9390.7425 
9394.6 1 74 
9394.8435 
9396.7876 
1 0563 .72 1 3  
1 0566. 1 870 








0 .0 1 06 
-0.0086 
0 .0097 
-0.00 1 0  
-0.0030 
0.00 1 0  
-0.0045 





















-0.0 l l O  
0 .0023 
0.0021 
O .O l l 2  







-0.00 1 2  
0.0038 
-0.000 1 
-0.0 1 1 5  








-0.00 1 6  
0 .0096 










Fi_ r K" r K' K' Fi + 2 a e a 
3 2 2 4 3 3 1 
3 2 2 4 4 3 1 
4 2 3 3 4 4 1 
4 2 3 6 4 4 1 
4 2 3 6 7 4 1 
4 2 3 4 3 4 1 
4 2 3 4 2 4 1 
4 2 3 4 5 4 1 
4 2 3 4 4 4 1 
4 0 4 3 4 3 1 
4 0 4 6 5 3 1 
4 0 4 5 6 3 1 
4 0 4 6 7 3 1 
4 0 4 6 4 3 1 
4 0 4 4 3 3 1 
4 0 4 4 5 3 1 
4 0 4 4 3 3 1 
4 0 4 5 6 3 1 
4 0 4 4 5 3 1 
3 1 3 4 3 2 0 
3 1 3 4 2 2 0 
3 1 3 4 4 2 0 
3 1 3 4 5 2 0 
3 1 3 4 3 2 0 
3 1 3 4 4 2 0 
3 1 3 3 4 2 0 
3 1 3 3 4 2 0 
3 1 3 3 4 2 0 
3 1 3 3 4 2 0 
3 1 3 5 4 2 0 
3 1 3 5 6 2 0 
3 1 3 5 5 2 0 
3 1 3 5 4 2 0 
3 1 3 2 2 2 0 
5 2 4 6 5 5 1 
5 2 4 6 6 5 1 
5 2 4 6 7 5 1 
5 3 2 6 4 5 2 
5 3 2 6 7 5 2 
5 3 2 5 6 5 2 
5 3 2 5 4 5 2 
5 3 2 5 5 5 2 
5 3 2 7 5 5 2 
5 3 2 7 8 5 2 
5 3 2 4 2 5 2 
5 3 2 7 6 5 2 
5 3 2 7 7 5 2 
5 3 2 4 5 5 2 
4 3 1 5 6 4 2 
4 3 1 6 4 4 2 
4 3 1 6 7 4 2 
4 3 1 6 6 4 2 
4 1 4 5 6 3 0 
4 1 4 5 4 3 0 
4 1 4 4 3 3 0 
4 l 4 5 5 3 0 
4 l 4 4 5 3 0 
4 1 4 4 4 3 0 
4 l 4 4 2 3 0 
4 1 4 6 6 3 0 
4 1 4 6 4 3 0 
4 1 4 6 7 3 0 
4 l 4 6 5 3 0 
K" lg pu Fi + 2 e 2 
3 4 3 
3 4 4 
4 3 4 
4 6 4 
4 6 7 
4 4 3 
4 4 2 
4 4 5 
4 4 4 
3 2 3 
3 5 4 
3 5 5 
3 5 6 
3 5 3 
3 3 2 
3 3 4 
3 4 2 
3 4 5 
3 4 5 
2 3 2 
2 3 1 
2 3 3 
2 3 4 
2 4 2 
2 4 3 
2 3 4 
2 3 3 
2 2 3 
2 4 3 
2 2 3 
2 4 5 
2 4 4 
2 4 4 
2 1 2 
5 6 5 
5 6 6 
5 6 7 
3 6 4 
3 6 7 
3 5 6 
3 5 4 
3 5 5 
3 7 5 
3 7 8 
3 4 2 
3 7 6 
3 7 7 
3 4 5 
2 5 6 
2 6 4 
2 6 7 
2 6 6 
3 4 5 
3 4 3 
3 4 2 
3 4 4 
3 3 4 
3 3 3 
3 2 1 
3 4 5 
3 5 3 
3 5 6 
3 5 4 
Vohs / MHz 
1 0575.3847 
1 0575 . 9 1 63 
1 1 504.3 1 3 8  
1 1 507.3947 
1 1 507.8468 
1 1 5 1 3 . 6802 
1 1 5 1 3 .827 1 
1 1 5 1 3 . 9986 
1 1 5 1 4.4106 
1 1 5 9 1 .8303 
1 1 592. 8935 
1 1 593.5035 
1 1 593.6596 
1 1 594.4505 
1 1 595. 1 622 
1 1 596.8576 
1 1 598.32 1 1  
1 1 600. 1036 




1 2232.0 1 99 
1 2233 .3852 





1 224 1 .4986 
1 2242.4000 
1 2243 . 6663 
1 2244. 1 526 
1 2247.8296 
1 2704.943 8 
1 2705.2469 




1 4297.779 1 
14298 . 1 304 
1430 1 .2465 
1430 1 .6890 
14303 .0772 
1 4303 .2805 
1 4303.6744 
1 4303.9645 
1 48 1 6.3387 
1 4823.0394 
1 4823 .7450 
1 4826.4947 
1 4940.8279 
1 494 1 .4891  




1 4945 .8996 
1 4947.3467 
1 4948 .2967 
1 4949.2330 
1 4949.488 1  
Veale / MHz 
1 0575.37 1 6  
1 0575 .9122 
1 1 504.3 1 8 7  
1 1 507.3956 
1 1 507.8445 
1 1 5 1 3 .6727 
1 1 5 1 3 .8324 
1 1 5 1 3 .9962 
1 1 5 14.4134 
1 1 59 1 .8293 
1 1 592.8954 
1 1 593 .4936 
1 1 593.6580 
1 1 594.4552 
1 1 595. 1 649 
1 1 596.8545 
1 1 598.32 1 0  
1 1 600.0963 
1 1 600.345 1 
1 2229.9539 
1 2230.7220 
1 2230.982 1 
1 2232.0 1 8 9  
1 2233 .39 1 1  
1 2234.9072 
1 2235 .5096 
1 2236.04 1 0  
1 2237.8895 
1 2239.966 1 
1 224 1 .4934 
1 2242.3997 
1 2243 .6755 
1 2244. 1 674 








1 4298. 1 3 3 1 
1 430 1 .243 1 
1 430 1 .6850 
1 4303 .0825 
1 4303 .2774 
14303.6698 
1 4303.9638 





1 494 1 .4882 
1 494 1 .7789 
1 4942.368 1 




1 4948.29 1 0  
14949.2296 
14949.4808 
Error / MHz 
0.0 132  








0.00 1 0  
-0.00 1 9  
0 .0099 









-0 .007 1 




0 .00 1 5  






































1' 1"' Vabs / MHz Veale / MHz Error / MHz 
]' K' K' Fi + 2 Ff r K"' K"' Fi + 2 F{ a e a e 
4 1 4 6 6 3 0 3 5 5 1 4950.4755 1 4950.4760 -0.0004 
4 1 4 3 4 3 0 3 2 3 1 495 1 .9933 1 495 1 .9889 0 .0044 
4 1 4 3 2 3 0 3 3 2 1 4952.6388 1 4952.6555 -0.0 167 
4 1 4 3 2 3 0 3 2 1 14952.8776 1 4952.8664 0 .0 1 12 
4 1 4 3 3 3 0 3 3 3 1 4953 . 1 1 3 6  1 4953 . 1 1 97 -0.0060 
4 1 4 3 3 3 0 3 2 2 1 4953.3759 1 4953.3792 -0.0033 
5 0 5 4 4 4 1 4 3 3 1 5234.86 1 8  1 5234.8604 0.00 14 
5 0 5 4 3 4 1 4 3 2 1 5234.9837 1 5234.9944 -0.0 107 
5 0 5 4 5 4 1 4 3 4 . 1 5235.5365 1 5235.5352 0.00 1 3  
5 0 5 5 5 4 1 4 4 4 1 523 8 . 1 396 1 5238 . 1 380 0.00 1 6  
5 0 5 5 6 4 1 4 4 5 1 5238.8388 1 5238. 8420 -0.0032 
5 0 5 6 4 4 1 4 4 3 1 5239.07 1 9  1 5239.0633 0 .0086 
5 0 5 6 7 4 1 4 5 6 1 5240 . 1 997 1 5240. 1 945 0 .0053 
2 2 1 3 4 1 1 0 2 3 1 5963 .3 1 96 1 5963.3230 -0 .0034 
2 2 1 3 3 1 1 0 2 2 1 5964.2 128  1 5964.2 1 24 0.0004 
2 2 1 2 3 1 1 0 2 3 1 5967.3450 1 5967.3 5 1 5  -0.0065 
2 2 1 3 2 1 1 0 3 2 1 5970.8326 1 5970.8425 -0 .0099 
2 2 1 4 5 1 1 0 3 4 1 5975.4 1 94 1 5975 .4080 0.0 1 14 
2 2 1 4 3 1 1 0 3 2 1 5977.3620 1 5977.366 1 -0.004 1 
2 2 1 4 4 1 1 0 3 3 1 5978 . 1058 1 5978 . 1 0 1 0  0.0047 
2 2 1 1 2 1 1 0 1 2 1 5986. 1 1 98 1 5986. 1 1 73 0 .0025 
2 2 1 4 5 1 1 1 3 4 1 64 1 7.7587 1 64 1 7.7574 0.00 1 3  
2 2 1 4 4 1 1 1 3 3 1 64 1 9. 1 900 1 64 1 9. 1 907 -0.0008 
2 2 1 4 3 1 1 1 3 2 1 64 1 9. 5469 1 64 1 9.544 1  0.0028 
2 2 1 3 4 1 1 1 2 3 1 6425.797 1 1 6425.799 1 -0.0020 
2 2 1 3 3 1 1 1 2 2 1 6427.83 1 3  1 6427.8333 -0.002 1 
2 2 1 2 3 1 1 1 2 3 1 6429.8227 1 6429.8276 -0 .0049 
2 2 0 3 3 1 1 1 1 2 1 6453 . 1 603 1 6453 . 1 5 8 1  0.0022 
2 2 0 2 2 1 1 1 1 1 1 6455. 1 783 1 645 5 . 1 7 6 1  0 .0023 
2 2 0 4 3 1 1 1 1 2 1 6457.0432 1 6457.0492 -0.0060 
2 2 0 1 2 1 1 1 1 2 1 6458 . 1 874 1 6458 . 1 898 -0.0024 
2 2 0 1 2 1 1 1 1 1 1 6458.40 1 3  1 6458.3958 0 .0056 
2 2 0 1 1 1 1 l 1 2 1 6458.5844 1 6458.59 1 2  -0.0067 
2 2 0 1 1 1 1 1 1 l 1 6458.7927 1 6458.797 1 -0.0044 
2 2 0 3 4 1 1 1 3 3 1 646 1 .6229 1 646 1 .6226 0 .0003 
2 2 0 3 2 1 1 1 3 2 1 646 1 .8 1 3 3  1 646 1 . 8 1 1 4  0.00 1 9  
2 2 0 3 3 1 1 1 3 3 1 6462.200 1 1 6462.2076 -0.0075 
2 2 0 3 4 1 l 1 3 4 1 6463 .3086 1 6463 .3082 0 .0005 
2 2 0 2 3 l l 1 3 3 1 6464.0603 1 6464.0678 -0.0075 
2 2 0 2 3 1 1 1 3 2 1 6465.3 1 8 7  1 6465.3 1 50 0 .0037 
2 2 0 4 5 1 1 l 3 4 1 6465.5762 1 6465.576 1 0 .000 1 
2 2 0 4 3 l l 1 3 2 1 6467.3483 1 6467.3459 0.0024 
2 2 0 4 4 1 1 1 3 4 1 6468.3250 1 6468 .3 148 0.0 1 02 
2 2 0 3 4 1 1 1 2 3 1 6474.8725 1 6474.8708 0.00 1 8  
2 2 0 3 2 1 l l 2 2 1 6475.3772 1 6475.378 1 -0.0009 
2 2 0 3 3 1 1 1 2 2 1 6477.02 1 0  1 6477.02 1 5  -0.0005 
2 2 0 2 3 l 1 1 2 3 1 6477. 3 1 63 1 6477. 3 1 60 0.0003 
Quantum numbers 
]' K' K' 
1' 
Ff r K"' K" 1"' F{ Vabs / MHz Veale / MHz Error / MHz a e Fi + 2 a e Fi + 2 
4 2 2 5 5 4 1 3 5 5 7 5 1 6 .2425 7 5 1 6.2485 -0.0060 
4 2 2 5 4 4 1 3 5 4 7 5 1 6.0439 75 1 6 .0427 0.00 1 3  
4 2 2 4 2 4 1 3 4 2 75 1 5 .8486 75 1 5 .8489 -0.0003 
4 2 2 5 6 4 1 3 5 6 75 1 5. 5209 7 5 1 5 .5 1 75 0.0034 
4 2 2 4 5 4 1 3 4 5 75 1 7.07 14 7 5 1 7.0602 0.0 1 12 
4 2 2 4 3 4 1 3 4 3 751 7.6 1 59 7 5 1 7 . 6 1 26 0.0033 
4 2 2 4 4 4 1 3 4 4 7 5 1 7.892 1 7 5 1 7.8859 0.0062 
152 
Quantum numbers 
1' Ku Ku 1// F{ Vobs / MHz Veale / MHz Error / MHz r K' K' Fi + z- Fi. ]// Fi + z-a c a c 
4 2 2 6 4 4 1 3 6 4 7 5 1 8 .2630 75 1 8 .2590 0 .0040 
4 2 2 6 6 4 1 3 6 6 7520 .2407 7520.2488 -0.00 8 1  
4 2 2 5 3 4 1 3 5 3 7 5 1 4 . 7 1 06 7514 .7092 0.00 1 5  
4 2 2 3 3 4 1 3 3 3 752 1 .3 868 752 1 .3864 0.0004 
3 2 1 4 5 3 1 2 4 5 7863 .68 1 6  7863 .6846 -0.0029 
3 2 1 4 4 3 1 2 4 4 7865.2282 7865 .2248 0.0035 
3 2 1 3 4 3 1 2 3 4 7867.4957 7867.5045 -0.0089 
3 2 1 3 3 3 1 2 3 3 7868 .5283 7868.5306 -0.0023 
3 2 1 5 3 3 1 2 5 3 7869.4050 7869.4066 -0.00 1 6  
3 2 1 5 6 3 1 2 5 6 7870.0067 7870.0 1 1 9 -0 .0052 
3 2 1 5 4 3 l 2 5 4 7871 .9743 7871 .9765 -0.0022 
3 2 l 5 5 3 1 2 5 5 7872.8991 7872.8986 0 .0005 
3 2 1 2 3 3 1 2 2 3 7873 .8 1 1 9 7873 .8 1 84 -0.0065 
3 0 3 5 6 2 1 2 4 5 8026.9904 8026.9935 -0 .0032 
3 0 3 5 4 2 1 2 4 3 8025.6660 8025.668 1 -0.0022 
3 0 3 5 5 2 1 2 4 4 8024.4967 8024.5032 -0.0065 
3 0 3 5 3 2 l 2 4 2 8028 . 1 53 8  8028 . 1 543 -0.0005 
3 0 3 2 3 2 l 2 l 2 8022.5889 8022.5892 -0.0004 
3 0 3 3 4 2 1 2 2 3 8028.9389 8028 .9403 -0.00 1 3  
3 0 3 4 5 2 l 2 3 4 8033 .4739 8033 .4906 -0 .0 1 68 
2 2 0 3 4 2 1 l 3 4 8309. 1 83 5  8309. 1 796 0.0039 
2 2 0 3 3 2 l l 3 3 8 3 1 0.3601 8 3 1 0 .3644 -0.0042 
2 2 0 2 3 2 1 l 4 3 8323 .7896 8323 .7867 0 .0028 
2 2 0 4 4 2 1 1 4 4 8325 .0078 8325 .0042 0.0037 
2 l 2 4 5 1 0 1 3 4 9348 .83 1 1  9348 .8262 0.0049 
2 l 2 4 4 1 0 1 3 3 935 1 . 1 5 1 1 935 1 . 1 473 0.0039 
2 1 2 3 4 l 0 l 2 3 9339.9923 9339.9898 0.0025 
2 1 2 4 3 1 0 l 2 2 9344.086 1 9344.09 1 0  -0.0049 
2 l 2 2 3 l 0 1 2 3 9344.6090 9344.6084 0 .0006 
2 1 2 3 3 1 0 l 3 3 9344 .822 1 9344.8232 -0 .00 1 1  
2 1 2 4 4 l 0 l 2 3 9346.0488 9346.0477 0.00 1 1  
4 0 4 6 7 3 1 3 5 6 1 1 78 3 . 3437 1 1 783.35 1 1  -0.0074 
4 0 4 5 6 3 1 3 5 5 1 1 782.7764 1 1 782.7740 0.0023 
4 0 4 6 5 3 l 3 5 4 1 1 782.259 1 1 1 782.2590 0 .000 1 
4 0 4 3 4 3 l 3 2 3 1 1 78 1 . 1 063 1 1 78 1 . 1050 0.00 1 3  
4 0 4 6 6 3 l 3 5 5 1 1 78 1 .2896 1 1 78 1 .2927 -0 .003 1 
4 0 4 3 3 3 l 3 2 2 1 1 779.6458 1 1 779.638 7  0.007 1 
4 0 4 4 4 3 l 3 3 3 1 1 784.0469 1 1 784.0397 0 .0071 
4 0 4 4 5 3 1 3 3 4 1 1 785.2555 1 1 785 .26 1 6  -0.006 1 
4 0 4 6 6 3 l 3 4 5 1 1 786.4693 1 1 786.478 1 -0 .0088 
3 1 3 5 6 2 0 2 4 5 1 2203 .4040 1 2203 .4005 0.0036 
3 l 3 5 4 2 0 2 2 3 1 2203.0383 1 2203.0376 0.0007 
3 1 3 5 3 2 0 2 4 2 1 2204. 8 1 56 1 2204.809 1 0 .0065 
3 1 3 5 5 2 0 2 4 4 1 2205.350 1 1 2205.360 1 -0 . 0 1 00 
3 1 3 2 3 2 0 2 2 2 1 2206.5285 1 2206.5248 0.0037 
3 1 3 4 5 2 0 2 3 4 1 2 1 95.686 1 1 2 1 95.6849 0 .00 1 2  
3 1 3 4 4 2 0 2 3 3 1 2 1 95.3668 1 2 1 95.3657 0.00 1 1 
3 l 3 4 2 2 0 2 2 1 1 2 1 97.88 1 1  1 2 1 97.88 1 3  -0.000 1 
3 1 3 3 4 2 0 2 3 4 1 2 1 98.6583 1 2 1 98 .6657 -0.0074 
3 l 3 3 3 2 0 2 2 2 1 2 1 99.3036 1 2 1 99.3045 -0.00 1 0  
3 1 3 3 4 2 0 2 3 3 1 2 1 99.0662 1 2 1 99.0543 0 .0 1 20 
3 l 3 3 4 2 0 2 3 4 1 2 1 98.6583 1 2 1 98 .6657 -0.0074 
3 1 3 3 l 2 0 2 2 0 1 220 1 .0720 1 220 1 .0653 0.0067 
3 1 3 5 5 2 0 2 3 4 1 2200.8747 1 2200.8704 0.0044 
4 0 4 5 4 3 0 3 3 3 1 3 6 1 1 . 9 1 9 1  1 3 6 1 1 .920 1 -0.00 1 0  
4 0 4 4 5 3 0 3 3 4 1 3 6 1 1 .7502 1 3 6 1 1 .7508 -0.0006 
4 0 4 6 4 3 0 3 5 3 1 3 6 1 2 . 5490 1 36 1 2 . 56 1 7  -0. 0 1 27 
4 0 4 6 7 3 0 3 5 6 1 3 6 1 3 . 1050 1 36 1 3 . 1086 -0.003 6 
4 0 4 3 4 3 0 3 2 3 1 3 6 1 3 .7272 1 36 1 3 . 7 1 99 0.0074 
4 1 4 5 6 3 0 3 4 5 1491 1 . 1 669 1491 1 . 1 7 1 5  -0.0046 
4 1 4 5 5 3 0 3 4 4 1491 2.7393 14912 .74 1 3  -0.0020 
4 1 4 4 5 3 0 3 3 4 1 49 1 3 .4205 149 1 3 .42 1 3  -0.0008 
4 1 4 4 4 3 0 3 4 3 1 49 1 3 .6659 1 49 1 3 .6488 0 .0 1 7 1  
153 
Quantum numbers 
1' lH Vobs / MHz Veale / MHz Error / MHz J' K' K' Fi + z-
F{ r KH KH Fi + z-
FH a c a c 2 
4 1 4 6 4 3 0 3 5 3 1491 6.6842 1491 6.682 1 0.0022 
4 1 4 6 7 3 0 3 5 6 1491 7.5678 1491 7.5750 -0.0072 
4 1 4 6 5 3 0 3 5 4 1491 7.96 1 7  1 49 1 7.9628 -0.00 1 2  
4 1 4 6 6 3 0 3 5 5 1 49 1 9. 0 1 5 6  1 49 1 9.0 1 1 0  0.0046 
2 2 1 3 4 1 1 0 2 3 1 5775 . 1 069 1 5775 . 1 065 0 .0004 
2 2 1 3 3 1 1 · o  2 2 1 5776.3059 1 5776.3048 0.00 1 2  
2 2 1 2 1 1 1 0 2 0 1 5777.2984 1 5777.3000 -0.00 1 6  
2 2 1 2 3 1 1 0 2 3 1 5777.6378 1 5777.6395 -0.00 1 7  
2 2 1 4 2 1 1 0 2 1 1 5777.9783 1 5777.9757 0.0026 
2 2 1 2 2 1 1 0 2 2 1 5778.3847 1 5778.3963 -0.0 1 1 6 
2 2 1 3 3 1 1 0 3 3 1 5782.2070 1 5782.203 1 0.0040 
2 2 1 4 5 1 1 0 3 4 1 5784.5625 1 5784.5574 0 .005 1 
2 2 1 4 3 1 1 0 3 2 1 5786. 8606 1 5786.8614  -0 .0009 
2 2 1 4 4 1 1 0 3 3 1 5787.2272 1 5787.2267 0 .0005 
2 2 1 1 2 1 1 0 1 2 1 5793 .4752 1 5793 .4695 0 .0058 
5 0 5 4 4 4 1 4 3 3 1 5424.8849 1 5424.8900 -0.005 1 
5 0 5 4 3 4 1 4 3 2 1 5425.0597 1 5425.0504 0.0092 
5 0 5 4 5 4 1 4 3 4 1 5425 .5927 1 5425.5950 -0.0023 
5 0 5 7 7 4 1 4 6 6 1 5426.08 1 4  1 5426.0897 -0.0083 
5 0 5 7 8 4 1 4 6 7 1 5426.6528 1 5426.6330 0 .0 1 98 
5 0 5 5 5 4 1 4 4 4 1 5427. 1 1 9 1  1 5427. 1208 -0.00 1 6  
5 0 5 6 7 4 1 4 5 6 1 5428.7673 1 5428 .7697 -0.0024 
2 2 0 4 5 1 1 1 3 4 1 6298.6240 1 6298.6284 -0.0044 
2 2 0 2 3 1 1 1 3 2 1 63 0 1 .0858 1 630 1 .0877 -0.00 1 9  
2 2 0 4 4 1 1 1 3 4 1 630 1 .865 1 1 630 1 .8576 0 .0075 
2 2 0 1 2 1 1 1 1 2 1 6293 .4595 1 6293.4577 0.00 1 8  
2 2 0 2 3 1 1 1 1 2 1 6292.9489 1 6292.9464 0.0025 
2 2 0 3 4 1 1 1 2 3 1 6305.7986 1 6305.7960 0 .0026 
2 2 0 3 3 1 1 1 2 2 1 6307.9427 1 6307.9482 -0.0056 
2 2 0 2 3 1 1 1 2 3 1 6309.95 1 1  1 6309.9530 -0.00 1 9  
1 1 0 3 4 0 0 0 2 3 6744.5782 6744.58 1 7  -0.0036 
1 1 0 3 3 0 0 0 2 2 6745.0993 6745 .09 1 3  0.0079 
1 1 0 2 3 0 0 0 2 3 675 1 .4426 675 1 .4474 -0.0048 
1 1 0 1 2 0 0 0 2 3 6739.5053 6739.4976 0.0077 
4 2 2 6 7 4 1 3 6 7 7 5 1 8 . 8 1 0 1  7 5 1 8 . 8 147 -0.0046 
3 2 1 4 2 3 1 2 4 2 7862.5604 7862.5694 -0.009 1 
3 2 1 3 4 3 1 2 4 4 7863 .9909 7864.0 1 1 1  -0.0202 
3 2 1 4 5 3 1 2 3 4 7868 .9698 7868.9647 0.005 1 
3 0 3 5 5 2 1 2 4 5 8023 .8670 8023 .8628 0.0042 
3 0 3 2 1 2 1 2 1 1 8020.8665 8020 .8780 -0.0 1 1 4 
3 0 3 4 5 2 1 2 4 5 8026.7963 8026.7923 0 .0040 
2 2 0 4 5 2 1 1 4 5 83 1 9.4290 8 3 1 9.4287 0.0002 
2 1 2 4 5 1 1 1 3 4 6592.8437 6592.8395 0.0042 
2 1 2 4 4 1 1 1 3 3 6590 .3262 6590.3 1 06 0 .0 1 57 
2 1 2 3 3 1 1 1 2 2 6596. 1 1 1 0 6596. 1 205 -0.0094 
3 2 1 3 1 3 1 2 3 1 7865.8755 7865 .88 1 5  -0 .006 1 
3 0 3 4 5 2 1 2 4 4 8027 .4233 8027.4327 -0.0094 
3 0 3 3 4 2 1 2 3 3 8033.8225 8033 .825 1 -0.0025 
2 2 0 4 5 2 1 1 3 4 8 3 10 .5083 83 1 0.5 1 75 -0.0092 
2 1 2 3 1 1 0 1 2 1 9338 .492 1 9338.4955 -0.003 5 
2 1 2 3 3 1 0 1 3 2 934 1 .7914 934 1 .7886 0.0027 
2 1 2 4 2 1 0 1 2 1 9345 .3500 9345 .3465 0.0035 
2 1 2 2 3 1 0 1 3 2 9346.6836 9346.6734 0.0 1 02 
2 1 2 4 3 1 0 1 3 2 9348.4037 9348.3998 0 .0040 
2 1 2 4 2 1 0 1 3 1 9349.2534 9349.25 1 3  0.002 1 
2 2 1 4 5 2 1 2 4 5 9652.3999 9652.3966 0 .0034 
2 2 1 4 4 2 1 2 4 4 9656.2004 9656.2005 -0.000 1 
2 2 1 3 4 2 1 2 3 4 9656.5065 9656.5096 -0.003 1 
2 2 1 4 4 2 1 2 3 3 9662.5 1 46 9662.5246 -0.0 1 00 
3 2 2 5 6 3 1 3 5 6 1 0379. 1 090 1 0379. 1 093 -0.0003 
3 2 2 5 5 3 1 3 5 5 1 0380.298 1 1 0380.2904 0.0077 
3 2 2 4 5 3 I 3 4 5 1 0385.5 1 58 1 0385.5 1 05 0.0053 
3 2 2 4 4 3 1 3 4 4 1 0386.2338 1 0386.2324 0.00 1 4  




F{ ]" K" K" 1" F{ Vohs 
/ MHz Veale I MHz Error / MHz r K' K' Fi + 2 Fi + 2 a e a e 
3 1 3 4 3 2 1 2 3 2 8026.79 1 5  8026.7902 0 .00 1 3  
3 1 3 4 5 2 1 2 3 4 8029.4225 8029.42 5 1  -0.0027 
3 1 3 3 4 2 1 2 2 3 8029.6025 8029.6067 -0.0043 
3 1 3 5 5 2 1 2 4 4 8030.253 1 8030 .252 1 0.00 1 0  
3 1 3 2 1 2 1 2 1 1 8032.8645 8032.8564 0.008 1 
3 1 3 5 3 2 1 2 4 2 8033.20 1 7  8033.2004 0.00 1 3  
3 1 3 5 6 2 1 2 4 5 8033 .4783 8033 .4776 0 .0007 
3 1 3 3 3 2 1 2 3 3 8033.9839 8033.9847 -0.0008 
3 0 3 4 5 2 0 2 4 5 8325.97 1 3  8325.9595 0 .0 1 1 8  
3 0 3 3 3 2 0 2 2 2 8336.7 1 22 8336.7 1 56 -0.0034 
3 0 3 4 4 2 0 2 3 4 8338 .7879 8338 .7861 0.00 1 8  
3 0 3 3 4 2 0 2 2 3 8342.0637 8 342.06 1 9  0.00 1 8  
3 0 3 5 3 2 0 2 4 2 8342.6553 8342.6582 -0.0029 
3 0 3 4 4 2 0 2 3 3 8342.7847 8342.7838 0.0009 
3 0 3 2 3 2 0 2 1 2 8343 .5045 8343.5053 -0.0009 
3 0 3 5 4 2 0 2 4 3 8343 .7447 8343 .7406 0 .0040 
3 0 3 5 5 2 0 2 4 4 8343 .8824 8343.8787 0 .0037 
3 0 3 4 3 2 0 2 3 2 8344.4 1 66 8344.4206 -0.0040 
3 0 3 5 6 2 0 2 4 5 8345.284 1 8345 .2802 0 .0039 
3 0 3 4 5 2 0 2 3 4 8346.7380 8346.7398 -0.00 1 8  
4 1 4 4 4 3 1 3 3 3 1 0697.3967 1 0697.398 1 -0.00 1 4  
4 1 4 5 3 3 1 3 4 2 1 0698.0036 1 0698.0072 -0.0036 
4 1 4 5 5 3 1 3 4 4 1 0699. 1 900 1 0699. 1 909 -0.0009 
4 1 4 5 4 3 1 3 4 3 1 0699.5949 1 0699.5974 -0.0025 
4 1 4 4 3 3 1 3 3 2 1 0699.8698 1 0699. 8696 0.0002 
4 1 4 4 5 3 1 3 3 4 1 0700.53 1 0  1 0700.5337 -0.0026 
4 1 4 5 6 3 1 3 4 5 1 070 1 . 5954 1070 1 .5967 -0.00 1 3  
4 1 4 6 4 3 1 3 5 3 1 0702. 1 144 1 0702. 1 2 1 9  -0.0075 
4 1 4 3 4 3 1 3 2 3 1 0702.276 1 1 0 702.2702 0.0059 
4 1 4 6 7 3 1 3 5 6 1 0702.746 1 1 0702. 7477 -0.00 1 6  
4 0 4 3 2 3 0 3 2 1 1 1 095.52 1 5  1 1095.53 1 2  -0 .0098 
4 0 4 5 3 3 2 1 2 2 1 1096.3805 1 1096.3725 0 .0080 
4 0 4 4 4 3 0 3 3 3 1 1097.425 1 1 1 097.4223 0 .0028 
4 0 4 4 5 3 0 3 3 4 1 1 099.7995 1 1 099.800 1 -0.0006 
4 0 4 6 5 3 0 3 5 4 1 1 100.3560 1 1 100.3544 0.00 1 6  
4 0 4 6 6 3 0 3 5 5 1 1 100 .5067 1 1 100.5028 0 .0038 
4 0 4 6 7 3 0 3 5 6 1 1 1 0 1 .4309 1 1 1 0 1 .4304 0 .0004 
4 0 4 5 6 3 0 3 4 5 1 1 1 02.0930 1 1 1 02.09 1 0  0 .002 1 
4 2 2 5 5 3 2 1 4 4 1 1 1 95.39 1 0  1 1 1 95.3874 0.0036 
4 2 2 5 4 3 2 1 4 3 1 1 1 96.45 1 8  1 1 1 96.46 1 5  -0.0097 
4 2 2 6 6 3 2 I 5 5 1 1202.2982 1 1202.3008 -0.0026 
4 2 2 4 5 3 2 1 3 4 1 1202.8950 1 1202.9002 -0.005 1 
4 2 2 6 7 3 2 1 5 6 1 1206.3999 1 1206.409 1 -0 .009 1 
4 1 3 4 4 3 1 2 3 3 1 1 58 1 .7387 1 1 58 1 .7337 0.0050 
4 1 3 5 5 3 1 2 4 4 1 1 582.93 1 1  1 1 582.9268 0 .0043 
4 1 3 5 4 3 1 2 4 3 1 1 583 .2690 1 1 583 .2662 0 .0028 
4 1 3 4 3 3 1 2 3 2 1 1 583 .4539 1 1 583 .4550 -0.00 1 1 
4 1 3 4 5 3 1 2 3 4 1 1 584.2278 1 1 584.2255 0 .0024 
4 1 3 6 5 3 1 2 5 4 1 1 584.5929 1 1 584.5938 -0.0008 
4 1 3 6 6 3 1 2 5 5 1 1 584. 7 1 26 1 1 584.707 1 0 .0054 
4 1 3 5 6 3 1 2 4 5 1 1 584.9869 1 1 584.9834 0 .0035 
4 I 3 6 4 3 I 2 5 3 1 1 585.9289 1 1 585.9285 0 .0004 
4 I 3 3 4 3 1 2 2 3 1 1 585 .984 1 1 1 585 .983 1 0 .00 1 0  
4 1 3 6 7 3 1 2 5 6 1 1 586.3325 1 1 586.330 1 0 .0024 
5 1 5 5 5 4 1 4 4 4 1 3364.746 1 1 3364.7489 -0.0029 
5 1 5 6 4 4 1 4 5 3 1 3365.2833 1 3365.2788 0 .0045 
5 1 5 5 4 4 1 4 4 3 1 3365.8393 1 3365.8358 0.0035 
5 1 5 6 7 4 I 4 6 6 1 3366.7354 1 3366.7323 0 .003 1 
5 1 5 7 5 4 1 4 6 4 1 3 367.3 1 1 5  1 3367.3046 0 .0068 
5 1 5 4 5 4 1 4 3 4 1 3 367.4 1 5 5  1 3367.4 1 0 8  0 .0047 
155 
Quantum numbers 
1' KH KH 1n F{ Vohs / MHz Veale / MHz Error / MHz r K' K' Fi + 2 Ff r Fi + 2 a e a e 
5 1 5 7 7 4 1 4 5 6 1 3367.4989 1 3367.4930 0 .0058 
5 1 5 7 8 4 1 4 6 7 1 3367.8642 1 3367.8640 0 .0002 
5 0 5 4 3 4 0 4 3 2 1 3833 .6979 1 3833 .7050 -0.0071  
5 0 5 6 4 4 0 4 5 3 1 3834.7248 1 3 834.7276 -0.0029 
5 0 5 5 5 4 0 4 4 4 1 3 834.873 1 1 3834.879 1 -0.0059 
5 0 5 4 2 4 0 4 3 1 1 3835 . 1 63 8  1 3835 . 1 6 1 2  0.0025 
5 0 5 5 4 4 0 4 4 3 1 3835 .972 1 1 383 5 .9784 -0.0063 
5 0 5 5 6 4 0 4 4 5 1 3836. 1 347 1 3836. 1 26 1  0 .0086 
5 0 5 7 8 4 0 4 6 7 1 3837. 1 072 1 3 837. 1 14 1  -0.0069 
5 0 5 7 7 4 0 4 5 6 1 3837.5472 1 3837.55 1 8  -0.0046 
5 1 4 5 5 4 1 3 4 4 1 4468.779 1 1 4468. 7723 0.0069 
5 1 4 4 3 4 1 3 3 2 1 4468.9694 1 4468 .9699 -0.0005 
5 1 4 6 4 4 1 3 5 3 1 4469.3089 1 4469.3 143 -0.0054 
5 1 4 7 7 4 1 3 5 6 1 4470.85 1 2  1 4470 .8543 -0.003 1 
5 1 4 7 8 4 1 3 6 7 1 447 1 . 3 632 1 447 1 .3626 0.0005 
3 1 2 3 4 2 1 1 2 3 8693 . 1 420 8693 . 1 4 1 7  0 .0003 
3 1 2 5 5 2 1 1 4 4 8693 .3427 8693 .34 1 0  0.00 1 7  
3 1 2 5 6 2 1 1 4 5 8696.349 1 8696.3539 -0.0048 
Quantum numbers 
r K' K' 1' Ff r KH KH 1n F{ Vohs 
/ MHz Veale / MHz Error / MHz 
a e Fi + 2  a c Fi + 2 
3 1 3 4 4 2 1 2 3 3 7840.7714 7840.7745 -0.003 1 
3 1 3 4 3 2 1 2 3 2 7842 . 1 050 7842 . 1 080 -0 .003 1 
3 1 3 5 5 2 1 2 3 4 7844.3271 7844.3305 -0.0034 
3 1 3 2 2 2 1 2 3 1 7844.5375 7844.5408 -0.0033 
3 1 3 5 4 2 1 2 4 3 7844.6973 7844.698 1 -0.0008 
3 1 3 3 4 2 1 2 2 3 7845 . 1 1 09 7845 . 1 1 44 -0.003 5 
3 1 3 4 5 2 1 2 4 4 7845.47 1 3  7845 .4722 -0.0009 
3 1 3 5 6 2 1 2 4 5 7848 . 1 939 7848 . 1 960 -0 .002 1 
3 1 3 3 3 2 1 2 3 3 7848 .7675 7848 .7698 -0.0023 
3 0 3 5 3 2 0 2 4 2 8 144.6778 8 144.6783 -0.0006 
3 0 3 3 4 2 0 2 2 3 8 1 44.8969 8 1 44.8949 0.00 1 9  
3 0 3 4 4 2 0 2 3 3 8 145.23 1 0  8 145 .2306 0.0004 
3 0 3 5 4 2 0 2 4 3 8 1 45 .496 1 8 145 .4934 0.0026 
3 0 3 4 5 2 0 2 4 4 8 1 46 .2628 8 1 46.2589 0.0039 
3 0 3 4 3 2 0 2 3 2 8 1 46 .6 1 93 8 146.6 1 8 1  0.00 1 2  
3 0 3 5 6 2 0 2 4 5 8 147.402 1 8 1 47.3979 0 .0042 
3 0 3 3 2 2 0 2 2 1 8 1 47.5929 8 147.5988 -0.0059 
3 0 3 5 5 2 0 2 3 4 8 148.5833 8 148.5806 0.0027 
3 1 2 4 4 2 1 1 3 3 8475 .5590 8475 .5577 0.00 1 3  
3 1 2 4 3 2 1 1 3 2 8476. 5863 8476.5837 0.0025 
3 1 2 5 5 2 1 1 3 4 8478 .3989 8478 .3973 0.00 1 6  
3 1 2 5 4 2 1 1 4 3 8479.4769 8479.4760 0 .0009 
3 1 2 3 4 2 1 1 2 3 8479.9 1 75 8479.9 1 53 0 .002 1 
3 1 2 4 5 2 1 1 4 4 8479 .957 1 8479.9554 0.00 1 6  
4 1 4 5 5 3 1 3 4 4 1 0453 .2489 1 0453 .2494 -0 .0005 
4 1 4 5 4 3 1 3 4 3 1 0453.5877 1 0453.5874 0.0003 
4 1 4 4 3 3 1 3 3 2 1 0453 . 9 1 62 1 0453 . 9 1 66 -0 .0004 
4 1 4 3 3 3 1 3 2 2 1 0454.0449 1 0454.0437 0.00 12 
4 1 4 6 5 3 1 3 5 4 1 0454.3 1 74 1 0454.3 1 80 -0.0006 
4 1 4 4 5 3 1 3 3 4 1 0454.7874 1 0454.7879 -0.0005 
4 1 4 5 6 3 1 3 4 5 1 0454.98 1 6  1 0454.9808 0 .0008 
4 1 4 6 6 3 1 3 5 5 1 0455.2530 1 0455.2532 -0.0002 
4 1 4 6 4 3 1 3 5 3 1 0455.7737 1 0455.774 1  -0.0005 
4 1 4 3 4 3 1 3 2 3 1 0456. 1 062 1 0456 . 1 074 -0 .00 1 2  
4 1 4 6 7 3 1 3 5 6 1 0456.4473 1 0456.4477 -0.0005 





! MHz Veale I MHz Error / MHz 
]' K' K' Fi + z- F2 r K" K" Fi + z-a c a c 
4 0 4 6 4 3 0 3 5 3 1 0838.3978 1 0838 .3956 0.0022 
4 0 4 6 5 3 0 3 5 4 1 0838 .4462 1 0838 .4457 0 .0005 
4 0 4 4 5 3 0 3 3 4 1 0838 .5858 1 0838 .5865 -0 .0008 
4 0 4 5 5 3 0 3 4 4 1 0838 .85 1 8  1 0838 .8543 -0.0025 
4 0 4 4 3 3 0 3 3 2 1 0838 .8847 10838 .8804 0 .0043 
4 0 4 5 4 3 0 3 4 3 1 0838 .9532 1 0838 .9550 -0.00 1 8  
4 0 4 3 4 3 0 3 2 3 1 0838 .97 1 3  1 0838 .9698 0.00 1 5  
4 0 4 5 6 3 0 3 4 5 1 0839.0236 1 0839.0244 -0.0009 
4 0 4 6 7 3 0 3 5 6 1 0839.7500 1 0839.7490 0 .00 1 0  
4 0 4 6 6 3 0 3 5 5 1 0840.2403 1 0 840.2400 0 .0002 
5 1 5 7 5 4 1 4 6 4 1 3060.2856 1 3060.2830 0 .0026 
5 1 5 7 7 4 1 4 6 6 1 3060.4 1 65 1 3060.4 108  0.0057 
5 1 5 4 5 4 1 4 3 4 1 3060. 5368 1 3060. 535 1 0.00 1 7  
5 1 5 7 8 4 1 4 6 7 1 3060.8749 1 3060.8725 0 .0023 
5 0 5 4 4 4 0 4 3 3 1 3 5 1 2. 1 93 9  1 3 5 1 2. 1 947 -0.0008 
5 0 5 5 4 4 0 4 4 3 1 3 5 12 .3462 1 3 5 1 2.350 1 -0 .0039 
5 0 5 7 6 4 0 4 6 5 1 3 5 1 2.3935 1 3 5 12.3935 0 .000 1 
5 0 5 5 6 4 0 4 4 5 1 3 5 1 2. 6 1 80 1 3 5 1 2.6075 0 .0 105 
5 0 5 5 5 4 0 4 5 4 1 3 5 1 2.6723 1 3 5 1 2.6756 -0.0033 
5 0 5 7 8 4 0 4 6 7 1 35 1 3 . 3 149 1 3 5 1 3 .3 1 80 -0.0030 
5 0 5 7 7 4 0 4 6 6 1 3 5 1 3 . 6 1 8 5  1 3 5 1 3 .6224 -0 .0039 
5 1 4 7 6 4 1 3 6 5 1 4 1 1 5 .7540 1 4 1 1 5.7553 -0.00 1 3  
5 1 4 5 6 4 1 3 4 5 1 4 1 1 6.0670 1 4 1 1 6.0685 -0 .00 1 6  
5 1 4 6 7 4 1 3 5 6 1 4 1 1 6. 1 30 1 1 4 1 1 6. 1 333  -0.0032 
5 1 4 7 7 4 1 3 6 6 1 4 1 1 6.3892 1 4 1 1 6.39 1 9  -0.0027 
Quantum numbers 
]' K' K' 
1' 
F2 r K"' K" 1" F" Vohs 
/ MHz Veale I MHz Error / MHz 
a c Fi + z a c Fi + z- 2 
3 1 3 5 5 2 1 2 4 4 7832.3 1 5 8  7832.32 1 2  -0.0054 
3 1 3 5 6 2 1 2 4 5 783 5 . 1 82 1  783 5 . 1 872 -0.0052 
3 0 3 3 3 2 0 2 2 2 8 1 24.8791  8 124.8797 -0.0006 
3 0 3 5 4 2 0 2 4 3 8 1 29 .5914  8 1 29.5907 0 .0007 
3 0 3 2 3 2 0 2 1 2 8 1 30 .2 1 0 1  8 1 30 .2078 0.0023 
3 0 3 4 4 2 0 2 3 3 8 1 30.2722 8 1 30 .2750 -0 .0028 
3 0 3 5 3 2 0 2 4 2 8 1 30 .8449 8 1 30.8446 0 .0004 
3 0 3 3 4 2 0 2 2 3 8 1 3 1 . 1 463 8 1 3 1 . 1 475 -0.00 1 2  
3 0 3 5 5 2 0 2 4 4 8 1 3 1 .2255 8 1 3 1 .2282 -0 .0027 
3 0 3 4 3 2 0 2 3 2 8 1 3 1 .7 1 82 8 1 3 1 .7 1 88 -0.0006 
3 0 3 5 6 2 0 2 4 5 8 1 32 .4725 8 1 32.474 1 -0.00 1 6  
3 0 3 3 2 2 0 2 3 1 8 1 32.5723 8 1 32.5740 -0.00 1 8  
3 0 3 4 5 2 0 2 3 4 8 1 33 .7767 8 1 33 .7763 0.0004 
3 1 2 4 5 2 1 1 3 4 846 1 . 1 367 846 1 . 1 366 0 .000 1 
3 1 2 5 6 2 1 1 4 5 8465 .0222 8465 .0224 -0.0003 
3 1 2 5 3 2 1 1 4 2 8465.433 1  8465.4348 -0.00 1 7  
4 1 4 4 4 3 1 3 3 3 1 0434.5099 1 0434.5090 0 .0009 
4 1 4 5 5 3 1 3 4 4 1 0436.0982 1 0436.0985 -0.0003 
4 1 4 5 4 3 1 3 4 3 1 0436.4586 1 0436.4605 -0.00 1 9  
4 1 4 4 3 3 1 3 3 2 1 0436.6972 1 0436.6965 0 .0007 
4 1 4 6 5 3 1 3 5 4 1 0437.2459 1 0437.2446 0.00 1 3  
4 1 4 4 5 3 1 3 3 4 1 0437.5550 1 0437.5557 -0.0007 
4 1 4 6 6 3 1 3 5 5 1 0437.6537 1 0437.65 1 5  0.0022 
4 1 4 5 6 3 1 3 4 5 1 0438 .2480 1 0438 .2406 0 .0073 
4 l 4 3 4 3 l 3 2 3 1 0438.7082 1 0438.7096 -0.00 1 4  
4 l 4 6 7 3 l 3 5 6 1 0439.2482 1 0439.2464 0 .00 1 8  
4 0 4 6 5 3 0 3 5 4 1 0 8 1 8 .8099 1 0 8 1 8 .8 1 1 1  -0 .00 1 2  
4 0 4 3 4 3 0 3 2 3 1 08 1 9. 1 3 58 1 08 1 9. 1 348 0 .00 1 0  
4 0 4 4 5 3 0 3 3 4 1 0 8 1 9.3498 1 0 8 1 9.3506 -0.0008 
157 
Quantum numbers 
r K' K' 1
' 
Fi. r K" K" 1" F" Vohs / MHz Veale / MHz 
Error / MHz 
a c F1 + z-
a e F1 + z-
2 
4 0 4 5 5 3 0 3 4 4 1 0 8 1 9.3703 1 08 1 9.37 1 7  -0.00 1 4  
4 0 4 6 6 3 0 3 5 5 1 08 1 9.4536 1 0 8 1 9.4544 -0.0008 
4 0 4 5 4 3 0 3 4 3 1 0 8 1 9.492 1 1 0 8 1 9.4896 0 .0025 
4 0 4 6 7 3 0 3 5 6 1 0820.280 1 1 0820.2779 0 .0022 
4 0 4 5 6 3 0 3 4 5 1 0820.8535 1 0820.8569 -0.0034 
4 1 3 5 5 3 1 2 4 4 1 1275.8034 1 1275 . 8 1 0 5  -0.007 1 
4 1 3 5 4 3 1 2 4 3 1 1276. 1 3 8 7  1 1276. 1 360 0 .0027 
4 1 3 6 5 3 1 2 5 4 1 1277. 1 066 1 1277. 1 047 0.00 1 9  
4 1 3 4 5 3 1 2 3 4 1 1277.2725 1 1277.275 1 -0.0026 
4 1 3 6 6 3 1 2 5 5 1 1277.365 1 1 1277.3633 0.00 1 7  
4 1 3 5 6 3 1 2 4 5 1 1277.620 1 1 1277.6089 0 .0 1 1 1  
4 1 3 3 4 3 1 2 2 3 1 1 278 .484 1 1 1278.4806 0.0035 
4 1 3 6 4 3 1 2 5 3 1 1278.5726 1 1278.5672 0 .0054 
4 1 3 6 7 3 1 2 5 6 1 1278 .8003 1 1278.7984 0.00 1 9  
5 0 5 7 8 4 0 4 6 7 1 3489.6333 1 3489.6288 0.0046 
5 0 5 6 7 4 0 4 5 6 1 3490.025 1 1 3490.0269 -0.00 1 8  
5 1 4 7 7 4 1 3 6 6 1 4087.2440 1 4087.2509 -0.0069 
5 1 4 7 8 4 1 3 6 7 1 4088 . 1 43 8  1 408 8 . 1 489 -0.0052 
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